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WUDQVIRUPDWLRQ�EHFDXVH�PHWK\O�PHUFXU\�LV�IDU
PRUH�WR[LF�DQG�ELRDYDLODEOH�WKDQ�DQ\�RWKHU�IRUP
RI�PHUFXU\���0HWK\ODWLRQ�PD\�EH�DFFRPSOLVKHG
YLD�EDFWHULD�LQ�ERWK�VHGLPHQWV�DQG�ZDWHU
�&RPSHDX�DQG�%DUWKD���������,Q�VRPH
RUJDQLVPV�DQG�WLVVXHV��QHDUO\�DOO�PHUFXU\�LV
PHWK\OPHUFXU\�

&LQQDEDU��+J6���WKH�PRVW�FRPPRQ�RUH�RI
PHUFXU\��RFFXUV�HLWKHU�DV�ORQJ��VOHQGHU��
EULOOLDQW�UHG�FU\VWDOV�RU�DV�LUUHJXODU�UHG�WR�JUD\�RU
EURZQLVK�PDVVHV���,Q�SRZGHUHG�IRUP��LW�LV�XVHG
DV�D�SLJPHQW�FDOOHG�´&KLQHVH�UHG�µ��$W�VRPH
VLWHV��PLQXWH�JOREXOHV�RI�OLTXLG�HOH�PHQWDO
PHUFXU\�DUH�GLVVHPLQDWHG�WKURXJK�WKH�FLQQDEDU�

2FFXUUHQFH

3ULPDU\�VRXUFHV�RI�QDWXUDO�PHUFXU\�HPLVVLRQV
LQFOXGH�YROFDQLF�HUXSWLRQV�DQG�YRODWLOL]DWLRQ�RU
VROXELOL]DWLRQ�RI�PHUFXU\�IURP�URFNV��VRLOV��DQG
VHGLPHQW���,Q�URFNV�DQG�VRLOV��PHUFXU\�PRVW�

FRPPRQO\�RFFXUV�DV�PHUFXULF�VXOILGH��FLQQDEDU���
0HUFXU\�HQULFKHG�GHSRVLWV�DUH�NQRZQ�LQ�WKH
)UDQFLVFDQ�)RUPDWLRQ�RI�WKH�FRDVWDO�PRXQWDLQV
RI�&DOLIRUQLD��LQ�WKH�*UHHQ�5LYHU�)RUPDWLRQ�RI
WKH�ZHVWHUQ�&RORUDGR�3ODWHDX��DQG�LQ�WKH�YLFLQLW\
RI�KRW�VSULQJV�LQ�PDQ\�SDUWV�RI�WKH�ZRUOG��
0HUFXU\�FRQFHQ�WUDWLRQV�LQ�DQG�DURXQG�GHSRVLWV
RI�WKH�)UDQFLVFDQ�)RUPDWLRQ�PD\�EH�LQ�WKH����WR�
����PJ�NJ�UDQJH��ZKHUHDV�FRQFHQWUDWLRQV�LQ�WKH
*UHHQ�5LYHU�)RUPDWLRQ�KDYH�EHHQ�UHSRUWHG�DV
KLJK�DV����PJ�NJ��86*6���������7KH�
8�6��*HRORJLFDO�6XUYH\��86*6��UHSRUWV�PHDQ
EDFNJURXQG�FRQFHQWUDWLRQV�RI�PHUFXU\�LQ
VXUILFLDO�PDWHULDOV�RI�WKH�8QLWHG�6WDWHV�DV�
������PJ�NJ��GZ���6FKDFNOHWWH�DQG�%RHUQJHQ
��������0HUFXU\�RFFXUV�LQ�FRDO�DW�FRQFHQWUD�
WLRQV�UDQJLQJ�IURP�������WR������J�J�GHSHQGLQJ
RQ�WKH�JHRJUDSKLF�UHJLRQ�DQG�W\SH�RI�FRDO
�0DODQL�DQG�0RGHW]�������

$WPRVSKHULF�VRXUFHV�DOVR�FRQWULEXWH�PHUFXU\�WR
WKH�HQYLURQPHQW��+DLQHV��������DOWKRXJK�WKHLU
FRQFHQWUDWLRQV�DUH�RUGHUV�RI�PDJQLWXGH�ORZHU
WKDQ�WKRVH�RI�VRPH�JHRORJLFDO�VRXUFHV��
$WPRVSKHULF�GHSRVLWLRQ�LV�SDUWLFXODUO\�LPSRUWDQW
LQ�HQYLURQPHQWV�ZKHUH�VXEVHTXHQW�PHWK\ODWLRQ
LV�HQKDQFHG��DV�LQ�WKH�(YHUJODGHV�DQG�RWKHU
QXWULHQW�HQULFKHG�ZHWODQGV��

,Q�WKH���WK�FHQWXU\��PHUFXU\�UHOHDVHV�IURP
DUWLILFLDO�VRXUFHV�KDYH�EHHQ�DOPRVW����WLPHV
KLJKHU�WKDQ�FDOFXODWHG�UHOHDVHV�GXH�WR�QDWXUDO
ZHDWKHULQJ��0RRUH�DQG�5DPDPRRUWK\��������
0HUFXU\�PLQLQJ�LV�D�FRPPRQ�VRXUFH�RI�PHUFXU\
LQ�WKH�:HVW��WKH�PLQH�ZDVWHV�FDQ�EH�FODVVLILHG�LQ
ILYH�JURXSV�LQ�RUGHU�RI�LQFUHDVLQJ�ELRDYDLODEOH
PHUFXU\�������:DVWH�URFN������ORZ�JUDGH
XQSURFHVVHG�RUH������HIIORUHVFHQW�VDOWV�����
SURFHVVHG�RUH�WDLOLQJV��FDOFLQHV���DQG�
����VRRW�RU�DVK�IURP�WKH�FRQGHQVHU�V\VWHP�
�-��5\WXED��86*6��SHUV��FRPP������2WKHU�KXPDQ
DFWLYLWLHV�WKDW�HQKDQFH�PHUFXU\�UHOHDVHV�LQFOXGH
WKH�XVH�RI�PHUFXU\�DV�DQ�DPDOJDP�LQ�JROG�
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PLQLQJ��XVH�RI�PHUFXULDOV�LQ�VHHG�GUHVVLQJV�
IXQJLFLGHV��SDLQWV��DQG�VOLPLFLGHV��IRVVLO�IXHO
FRPEXVWLRQ��WKH�LQGXVWULDO�SURGXFWLRQ�RI
FKORULQH��DQG�VSLOOV�IURP�ILHOG�LQVWUXPHQWV��VXFK
DV�PDQRPHWHUV��XVHG�WR�PHDVXUH�SUHVVXUH�DW
ZHOOKHDGV�LQ�JDV�ILHOGV����2QH�VWXG\�HVWLPDWHG
WKDW��DPRQJ�WKH�SRSXOD�WLRQ�RI�6ZHGHQ��WKH
GLJHVWLRQ�DQG�H[FUHWLRQ�RI�PHUFXU\�IURP�GHQWDO
DPDOJDPV�FRQWULEXWH�DERXW�����NJ�RI�PHUFXU\
WR�WKH�HQYLURQPHQW�HDFK�\HDU��6NDUH�������

6XPPDU\�RI�(IIHFWV

7DEOH����VXPPDUL]HV�WKH�SUHGLFWHG�HIIHFWV�RI
HQYLURQPHQWDO�H[SRVXUHV�WR�PHUFXU\��EDVHG�RQ
WKH�LQIRUPDWLRQ�FXUUHQWO\�DYDLODEOH�

)LHOG�&DVH

&OHDU�/DNH��LQ�/DNH�&RXQW\��&DOLIRUQLD��LV�D�YHU\
ODUJH�IUHVKZDWHU�ODNH�FRQWDPLQDWHG�ZLWK�PRUH
WKDQ�����WRQV�RI�PHUFXU\�IURP�WKH�6XOSKXU
%DQN�0LQH��PRVW�RI�ZKLFK�LV�VWLOO�SUHVHQW�LQ�WKH
EHG�VHGLPHQWV���7KH�ZDVWH�PHUFXU\�LV�RQO\�D
VPDOO�SHUFHQWDJH�RI�PRUH�WKDQ������WRQV�RI
PHUFXU\�WKDW�WKH�PLQH�KDG�SURGXFHG���7KH�ODNH
DQG�WKH�PLQH�DUH�QRZ�LQFOXGHG�LQ�DQ�(3$
6XSHUIXQG�FOHDQXS�VLWH���7KH�HFRORJLFDO
DVVHVVPHQW�RI�WKLV�VLWH�LQFOXGHG�DQ�H[FHOOHQW
VXUYH\�RI�PHUFXU\�ELRDFFXPX�ODWLRQ�IDFWRUV
IURP�VHGLPHQW�LQ�D�FRQWDPLQDWHG�IUHVKZDWHU
ODNH���,Q�VHGLPHQW��WRWDO�PHUFXU\�FRQFHQWUDWLRQV
UDQJH�IURP������WR�����PJ�NJ��GZ���DQG
PHWK\OPHUFXU\�FRQFHQWUDWLRQV�UDQJH�IURP�����
WR������PJ�NJ��6XFKDQHN�HW�DO����������7DEOH���
OLVWV�REVHUYHG�ELRDFFX�PXODWLRQ�IDFWRUV�IRU�WRWDO
PHUFXU\�DQG�PHWK\OPHUFXU\�IURP�VHGLPHQW�WR
ROLJR�FKDHWHV��FKLURQRPLGV��DQG�FDUS�REVHUYHG
LQ�WKLV�VWXG\�

7KH�ELRDFFXPXODWLRQ�IDFWRUV�LQ�WKHVH�UHVXOWV�DUH
FRQVLVWHQWO\�KLJKHU�IRU�PHWK\OPHUFXU\�WKDQ�IRU
WRWDO�PHUFXU\���ILYH�RUGHUV�RI�PDJQLWXGH�JUHDWHU
IRU�ILVK�DQG�RQH�WR�WZR�RUGHUV�RI�PDJQLWXGH
JUHDWHU�IRU�EHQWKLF�LQIDXQD���&OHDUO\��WKH
SDUDPHWHUV�DIIHFWLQJ�QHW�PHWK\ODWLRQ�DUH�

FRQWUROOLQJ�ELRDFFXPXODWLRQ�RI�PHUFXU\���)RU
ILVK��WURSKLF�SRVLWLRQ�ZDV�IRXQG�WR�EH�WKH�PRVW
LQIOXHQWLDO�IDFWRU�LQ�ELRDFFXPXODWLRQ�DW�&OHDU
/DNH��D�UHVXOW�VXSSRUWHG�E\�PDQ\�RWKHU�VWXGLHV
�6RUHQVHQ���������%$)V�DUH�SUHVHQWHG�IRU
VHGLPHQW�WR�FDUS�EHFDXVH�FDUS�DUH�GLUHFWO\
JUXEELQJ�DERXW�ZLWKLQ�WKH�VHGLPHQW���+RZHYHU�
FDUS�KDG�OHVV�PHUFXU\�WKDQ�RWKHU�ILVK�VSHFLHV�

(FRORJLFDO�HIIHFWV�RQ�SRSXODWLRQV�DQG
FRPPXQLWLHV�ZHUH�VKRZQ�WR�EH�UHODWHG�WR
PHUFXU\�FRQFHQWUDWLRQV�LQ�WKH�VHGLPHQW�DW�&OHDU
/DNH���/HHFK�ELRPDVV�ZDV�LQYHUVHO\�FRUUHODWHG�WR
ERWK�WRWDO�PHUFXU\�DQG�PHWK\O��PHUFXU\
VHGLPHQW�FRQFHQWUDWLRQV��6XFKDQHN�DQG
5LFKHUVRQ���������3RSXODWLRQ�QXPEHUV�RI
%JKTQPQOWU�VSHFLHV�H[KLELWHG�DQ�H[SRQHQWLDO
GHFOLQH�DV�D�IXQFWLRQ�RI�VHGLPHQW�WRWDO�PHUFXU\
FRQFHQWUDWLRQV���%HQWKLF�LQIDXQDO�FRPPXQLW\
GLYHUVLW\��DV�PHDVXUHG�E\�ERWK�6KDQQRQ
V�LQGH[
DQG�6LPSVRQ
V�LQGH[��VKRZHG�OLQHDU�GHFOLQHV
LQYHUVH�WR�VHGLPHQW�PHUFXU\�FRQFHQWUDWLRQV
�6XFKDQHN�HW�DO��������

$ELRWLF�)DFWRUV�$IIHFWLQJ
%LRDYDLODELOLW\
:DWHU

$QDO\WLFDO�PHWKRGV�WR�GHWHFW�PHUFXU\�LQ�ZDWHU
KDYH�GUDPDWLFDOO\�LPSURYHG�LQ�WKH�ODVW��²��
\HDUV��UHVXOWLQJ�LQ�ORZHU�GHWHFWLRQ�OLPLWV�DQG
UHGXFHG�LQWHUIHUHQFH�IURP�FRQWDPLQDWLRQ��
%HFDXVH�RI�WKH�HDUOLHU�DQDO\WLFDO�OLPLWDWLRQV�
FDXWLRQ�PXVW�EH�H[HUFLVHG�ZKHQ�HYDOXDWLQJ�ROGHU
PHUFXU\�VWXGLHV�DQG�UHYLHZV³HVSHFLDOO\�VWXGLHV
WKDW�PHDVXUHG�PHUFXU\�FRQFHQWUDWLRQV�LQ�ZDWHU��
%DFNJURXQG�HVWLPDWHV�RI�PHUFXU\�LQ�ZDWHU
FRQGXFWHG�EHIRUH�WKH�HDUO\�����V�OLNHO\�UHSRUW
FRQFHQWUDWLRQV�WKDW�DUH�DUWLILFLDOO\�KLJK�DQG
ELRFRQFHQWUDWLRQ�IDFWRUV�WKDW�DUH�WRR�ORZ���2OGHU
VWXGLHV�WKDW�HOXFLGDWHG�WLVVXH�UHVLGXHV�DQG�VRLO
FRQFHQWUDWLRQV�PD\�VWLOO�JHQHUDOO\�EH�UHOLHG�XSRQ��
7KH�UROH�RI�JOREDO�DWPRVSKHULF�WUDQVSRUW��XQWLO
UHFHQWO\��ZDV�XQGHUHVWLPDWHG��DQG�WKH�QHW�IOX[�RI
PHUFXU\�IURP�YDULRXV�DTXDWLF�DQG�VHGLPHQW
FRPSDUWPHQWV�ZDV�LQDFFXUDWHO\�PHDVXUHG�SULRU
WR�WKH�PLG�����V�
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Table 20.&Summary table for predicted mercury effect levels
[All matrix values expressed as total mercury (includes organic and inorganic forms).  All criteria relate

mercury risk to populations, not individuals.]

Matrix

No

effect1

Level of

concern2

Toxicity

threshold3 Explanation

Water (µg/L) - - - - - - >30 Sublethal effects to fish (Eisler 1987)

Sediment (mg/kg dw) <0.065 >0.15 0.2 0.065, surficial materials background (Shacklette and

Boerngen 1984); 0.15, ERL of Long et al. (1990); 0.2,

threshold to protect clapper rail (Schwarzbach et al. 1993)

0.24 Toxic to guppies (Gillespie and Scott 1961)

Fish, whole body

  (mg/kg ww):

Warm-water sp.

Cold-water sp.

0.11

- - -

- - -

- - -

- - -

1.0

Background in bluegill (table 23).

FDA action level

Birds, diet (mg/kg

bw/day)

- - - - - - 0.064 Effects in mallards (Heinz 1979)

Birds, diet (mg/kg

ww)

- - - - - - 0.3 Loon reproductive and behavioral effects (Barr 1986)

0.1 Mallard reproductive and behavioral effects (Heinz 1979)

Bird eggs (mg/kg

fww)

0.1 0.2%1.0 0.5%1.5 0.1, no effects in osprey; 0.5%1.5, low hatchability for

pheasant (table 24)

0.86 Mallard reproductive and behavioral effects (Heinz 1979)

5.0 Mallard brain lesions (Heinz 1975)

Bird brain (mg/kg

ww)

0.13

0.13%1

0.13 = mean in controlled, nonexposed population (Finley

and Stendell 1978)

1 Obvious signs of intoxication (Scheuhammer 1988)

4 Lethal in embryos (Finley and Stendell 1978)

15 Lethal in adults (Scheuhammer 1988)

Bird feathers (mg/kg

dw)

5 5%40 40 Effects highly variable; sample other tissues.  5, upper

end of background range; 20, reflects >1 mg/kg in diet

(Scheuhammer 1991).  Reproduction impaired over range

of 5%40 (Eisler 1987)

Bird kidney (mg/kg

ww)

<2 - - - 20 Varies depending on species, sex, form of Hg, and Hg:Se

ratio. Toxicity likely whenever kidney conc. > liver conc.

See Littrel (1991), Heinz (1996).

Bird liver (mg/kg ww) <1 1%2 3 1%2, behavioral effects (Zillioux et al. 1993); 3,

reproductive harm (Barr 1986)

5 Threshold for adult waterbirds (Zililoux et al. 1993)

25 Kidney disease, gout in herons (Spalding et al. 1994)

     1 Concentrations below this level are close to background and are not known to cause adverse effects. 

     2 Concentrations at this level are above background but rarely appear to cause any adverse effects. 

     3 Concentrations exceeding this level seem to cause some adverse effects, including reproductive impairment and sublethal impacts. 



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

��

Table 21.&Mercury bioaccumulation factors from sediment to oligochaetes,
chironomids, and carp in Clear Lake, California

[Compiled from data in Suchanek et al. 1993.  ND, not determined]

Hg in sediment
(mg/kg dw) Hg bioaccumulation factors

Site Total Methyl

Oligochaetes Chironomids Carp

Total Methyl Total Methyl Total Methyl

WB%1
WB%2
WB%3
WB%4
WB%5
WB%6
WB%7

77.80
27.16
16.68
4.13
2.61
8.85
1.40

10.36
ND
ND
7.39
4.16
7.1

2.43

0.14
.17
.09
.2
.26
.16
.24

1.15
ND
ND
1.0
1.6
2.8
2.6

0.07
.1
.11
.2
.23
.05
.16

2.0
ND
ND
1.4
2.5
1.1

23.6

0.01
ND
ND
ND
.16

.0797
.39

124
ND
ND
ND
185
ND
ND

:DWHU�FRQFHQWUDWLRQV�DUH�W\SLFDOO\�XVHG�WR�DVVHVV
PHUFXU\�KD]DUGV�WR�ILVK�DQG�DTXDWLF�OLIH���*LOO
DQG�%UXODQG��������KDYH�VKRZQ�WKDW�WRWDO
GLVVROYHG�PHUFXU\�FRQFHQWUDWLRQV�DUH�QRW�DV
XVHIXO�LQ�SUHGLFWLQJ�FRQFHQWUDWLRQV�LQ�ILVK�DV�DUH
WKH�GLVVROYHG�FRQFHQWUDWLRQV�RI�RUJDQLF�PHUFXU\
FRPSRXQGV���&RQFHQWUDWLRQV�DUH�W\SLFDOO\
PHDVXUHG�LQ�SLFRPRODU��S/��TXDQWLWLHV����S/
+J�LV�URXJKO\�HTXLYDOHQW�WR�
��QJ�RI�+J����(VWLPDWHV�RI�EDFNJURXQG�WRWDO�+J
FRQFHQWUDWLRQV�LQ�IUHVKZDWHU��SULRU�WR������
ZHUH�LQFRUUHFWO\�PHDVXUHG�LQ�WKH�UDQJH�RI�
���WR�����S/�����WR����QJ�/����)UHVKZDWHU
EDFNJURXQG�FRQFHQWUDWLRQV�DUH�QRZ�WKRXJKW�WR
EH�OHVV�WKDQ����S/�����QJ�/�����6RPH
H[FHSWLRQDOO\�SULVWLQH�DUHDV�KDYH�FRQFHQ�WUDWLRQV
OHVV�WKDQ���QJ�/��*LOO�DQG�%UXODQG����������7KH
FRQFHSW�RI��EDFNJURXQG��FRQFHQ�WUDWLRQ�LV
VRPHZKDW�FRPSOLFDWHG�E\�WKH�JOREDO
GLVWULEXWLRQ�RI�PHUFXU\�WKURXJK�DWPRVSKHULF
ZDWHU�DQG�PD\�QRW�EH�D�YHU\�XVHIXO�FRQFHSW��
&RQFHQWUDWLRQV�JUHDWHU�WKDQ��EDFNJURXQG��DUH
URXWLQHO\�IRXQG�LQ�FRQWLQHQWDO�UDLQZDWHU��DQG
OHYHOV�RI�����QJ�/�RU�PRUH�KDYH�EHHQ
GRFXPHQWHG��'YRQFK�HW�DO��������

0XFK�RI�WKH�UHVHDUFK�RQ�PHUFXU\�LQ�IUHVKZDWHU
V\VWHPV�KDV�EHHQ�FRQGXFWHG�LQ�SRRUO\�EXIIHUHG
V\VWHPV��LQ�PHVLF�HQYLURQ�PHQWV�GRPLQDWHG�E\
DWPRVSKHULF�PHUFXU\�VRXUFHV�UDWKHU�WKDQ�

JHRORJLF�VRXUFHV���7KH�ORZ��S+�RI�WKHVH�V\VWHPV
�&DQDGD��6ZHGHQ���GXH�WR�DFLG�UDLQ��DSSHDUV�WR
SURPRWH�PHUFXU\�ELRDFFXPXODWLRQ���,Q�WKH
:HVWHUQ�8QLWHG�6WDWHV��ODNHV�LQ�DUHDV�RI
PHUFXULIHURXV�URFNV�DQG�VRLOV�WHQG�WR�EH�PRUH
DONDOLQH��WKH�FOLPDWH�LQ�WKHVH�DUHDV�WHQGV�WR�EH
DULG�WR�VHPLDULG���&OHDU�/DNH��&DOLIRUQLD��DQG�WKH
&DUVRQ�5LYHU�LQ�1HYDGD�DUH�WZR�VXFK�DUHDV�LQ
WKH�ZHVW��DQG�LQWHQVH�UHVHDUFK�LV�FXUUHQWO\
XQGHUZD\�LQ�ERWK�DUHDV���5HVXOWV�RI�WKHVH�VWXGLHV
VKRXOG�SURGXFH�QHZ�LQVLJKWV�LQWR�PHUFXU\
F\FOLQJ�LQ�DTXDWLF�HFRV\VWHPV�W\SLFDO�RI�WKH
:HVWHUQ�8QLWHG�6WDWHV�

7DEOH����VKRZV�DQ�H[WUDRUGLQDU\�UDQJH�RI
YDULDELOLW\�RI�HVWLPDWHG�DQG�PHDVXUHG�HIIHFWV�RI
PHUFXU\�LQ�ZDWHU���'LIIHUHQFHV�LQ�PHUFXU\
WR[LFLW\�EHWZHHQ�WD[D�DUH�JUHDWHU�WKDQ�GLI�
IHUHQFHV�EHWZHHQ�WKH�RUJDQLF�DQG�LQRUJDQLF
IRUPV�RI�PHUFXU\���)LVK�WR[LFLW\�FRQFHQWUDWLRQV
����K�/&�����YDU\�E\�WZR�RUGHUV�RI�PDJQLWXGH�
IURP����WR�������J�/��6RUHQVHQ���������$W�
����&��PHWK\OPHUFXU\�LV�DERXW�VHYHQ�WLPHV�PRUH
WR[LF�WKDQ�+J���WR�ILQJHUOLQJ�UDLQERZ�WURXW
�0DFOHRG�DQG�3HVVDK���������(LVOHU�������
FRQFOXGHG�WKDW�WRWDO�PHUFXU\�FRQFHQWUDWLRQV�
LQ�ZDWHU�RI�����WR�������J�/�ZHUH�IDWDO�WR
VHQVLWLYH�DTXDWLF�VSHFLHV��DQG�FRQFHQWUDWLRQV
EHWZHHQ����DQG������J�/�FDXVHG�VLJQLILFDQW
VXEOHWKDO�HIIHFWV�LQ�ILVK�
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Table 22.&Mercury concentrations in water and associated effects on wildlife

Concentra-

tion (µg/L) 1 Species Comments/Effects Reference

0.00092%

0.0036 

(4.6%18 pM)

& Background in Great Lakes water (50 times

lower than pre-1980 measures)

Gill and Bruland 1990

0.0025 & Background concentration in freshwater lakes

with atmospheric source of Hg only

Sorensen et al. 1990

0.012 Aquatic life EPA freshwater chronic criterion for aquatic life

protection (current)

EPA 1986

0.18 Birds Great Lakes Initiative proposed criterion EPA 1993

0.77 Aquatic life Proposed EPA freshwater chronic criterion for

aquatic life protection

EPA 1997a

1.4 Aquatic life Proposed EPA freshwater acute criterion for

aquatic life protection

EPA 1997a

1.6 Mammals Great Lakes Initiative proposed criterion EPA 1993

2.4 Aquatic life EPA freshwater acute criterion for aquatic life

protection (current)

EPA 1986

240 Fathead minnow No effect (MeHg, 48 mo) Olson et al. 1975

290%930 Brook trout MATC, maximum acceptable toxicant

concentration (.0.4 to 1.3% of 96-h LC50)

McKim et al. 1976

900 Brook trout LOEC, lowest observed effect concentration,

behavioral effect

McKim et al. 1976

1000 Rana pipiens Arrested metamorphosis (MeHg, 4 mo) EPA 1980

2930 Brook trout Early embryo death (3-generation exposure) McKim et al. 1976

     1 Total Hg, unless otherwise noted.

7KH�PHUFXU\�FRQFHQWUDWLRQV�SURSRVHG�IRU�WKH
*UHDW�/DNHV�,QLWLDWLYH��WDEOH�����DUH�EHORZ�WKH
FRQFHQWUDWLRQV�IRXQG�LQ�FRQWLQHQWDO�UDLQ�DQG�
SUHVXPDEO\��EHORZ�EDFNJURXQG�OHYHOV�IRU
IUHVKZDWHU�ODNHV���7KH�SURSRVHG�PDPPDOLDQ
YDOXH�LV�DQ�RUGHU�RI�PDJQLWXGH�KLJKHU�WKDQ�WKH
DYLDQ�YDOXH��SULQFLSDOO\�EHFDXVH�DQ�DUELWUDU\
VSHFLHV�VHQVLWLYLW\�IDFWRU�RI�����ZDV�DSSOLHG�GXH
WR�GLIIHUHQFHV�EHWZHHQ�REVHUYHG�WHVW�DQLPDOV
DQG�WKH�WDUJHW�ELUGV���7KHVH�SURSRVHG�ZLOGOLIH
QXPEHUV�SUREDEO\�UHSUHVHQW�VDIH�FRQFHQWUDWLRQV
EXW�PD\�EH�XOWUDFRQVHUYDWLYH�DQG�XQDFKLHYDEOH
LQ�PDQ\�HQYLURQPHQWV���&RQWUROOLQJ�WKH
SURFHVVHV�DQG�IDFWRUV�DIIHFWLQJ�ELRDFFXPXODWLRQ
DQG�PHWK\ODWLRQ�RI�PHUFXU\�PD\�XOWLPDWHO\�EH
PRUH�LPSRUWDQW�WKDQ�PDLQWDLQLQJ�ORZ�WRWDO
PHUFXU\�FRQFHQWUDWLRQV���&RQWUROOLQJ

ELRDFFXPXODWLRQ�DQG�PHWK\ODWLRQ�ZLOO�UHTXLUH�D
JRRG�GHDO�PRUH�XQGHUVWDQGLQJ�WKDQ�ZH�QRZ
KDYH�

%RWWRP�6HGLPHQW

6HGLPHQW�PD\�EH�ERWK�D�VLQN�IRU�PHUFXU\�DQG�D
VRXUFH�RI�LW��ZLWK�FKDQJLQJ�SK\VLFDO�DQG
ELRORJLFDO�FRQGLWLRQV���7KH�HIIHFWV�RI�PHUFXU\�LQ
VHGLPHQW�ZHUH�H[WHQVLYHO\�LQYHVWLJDWHG�GXULQJ
WKH�DVVHVVPHQW�RI�WKH�FRQWDPLQDWLRQ�DW�&OHDU
/DNH��&DOLIRUQLD��DV�GHVFULEHG�DERYH���(TXDOO\
KLJK�QDWXUDO�FRQFHQWUDWLRQV�DUH�VRPHWLPHV�QRWHG
LQ�JHRWKHUPDO�DUHDV���PHDVXUHPHQWV�DW
<HOORZVWRQH�1DWLRQDO�3DUN�VKRZ�FRQWHQWV�DV
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KLJK�DV�����PJ�NJ��GZ��LQ�VHGLPHQWV�IURP
VSULQJV�DQG�SRROV�DQG�
����PJ�NJ�LQ�ILQH�JUDLQHG�PXGV�IURP�PXGSRWV
DQG�PXG�YROFDQRHV�

7UDQVSRUW�RI�PHUFXU\�IURP�ZDWHUVKHGV�GHSHQGV
VWURQJO\�RQ�WKH�FRQWHQW�RI�RUJDQLF�PDWWHU��ZKLFK
LV�XVXDOO\�JUHDWHVW�GRZQVWUHDP�IURP�ZHWODQGV
�=LOOLRX[�HW�DO����������'LV�WXUEDQFH�RI�ZHWODQG
VHGLPHQWV�PD\�IDFLOLWDWH�PHUFXU\�WUDQVSRUW�E\
FKDQJLQJ�R[LGDWLRQ�VWDWHV��ORZHULQJ�S+��DQG
UHVXVSHQGLQJ�VHGLPHQW�ERXQG�PHUFXU\
FRPSOH[HV�LQ�WKH�ZDWHU�FROXPQ���/LPLWHG
PHDVXUHPHQWV�RI�PHWK\OPHUFXU\���²���SHUFHQW
RI�WRWDO�+J��VKRZ�WKDW�GLVWXUEHG�ZHWODQGV
SURGXFH�PRUH�RI�LW�WKDQ�XQGLVWXUEHG�ZHWODQGV��
)UHVKZDWHU�V\VWHPV�VKRZ�VWURQJ�FRUUHODWLRQV
EHWZHHQ�GLVVROYHG�RUJDQLF�FDUERQ�DQG�ILOWHUHG
WRWDO�PHUFXU\��=LOOLRX[�HW�DO��������

6HGLPHQW�LV�GHILQLWHO\�D�VRXUFH�RI�PHWK\O�
PHUFXU\�WR�ELRWD�DQG�WKH�ZDWHU�FROXPQ���(YHQ
UHODWLYHO\�ORZ�FRQFHQWUDWLRQV�PD\�UHVXOW�LQ
ELRDFFXPXODWLRQ���*XSSLHV��2QGEKNKC�TGVKEWNCVC�
H[SRVHG�WR�´FRQWURO�OHYHOµ�VHGLPHQW�������PJ
+J�NJ�GZ��DW���²����&�DFKLHYHG�ZKROH�ERG\
PHUFXU\�FRQFHQWUDWLRQV�RI���PJ�NJ�ZZ�LQ�RQO\
���GD\V��*LOOHVSLH�DQG�6FRWW��������
6FKZDU]EDFK��������SURSRVHG�D�VHGLPHQW
WR[LFLW\�WKUHVKROG�RI�����PJ�NJ��GZ��WRWDO
PHUFXU\�LQ�VHGLPHQW�WR�SURWHFW�WKH�FODSSHU�UDLO
�4CNNWU�NQPIKTQUVTWU�QDUQNGVWU���D�EHQWKLF
IRUDJHU��LQ�6DQ�)UDQFLVFR�%D\���7KLV�VHGLPHQW
WR[LFLW\�WKUHVKROG��SURSRVHG�IRU�JXLGLQJ
VHGLPHQW�FULWHULD�LQ�QHZ�ZHWODQGV�FUHDWHG�ZLWK
GUHGJH�VSRLOV��ZDV�EDVHG�XSRQ�WKH�UDWLR�RI�WKH
/2$(/�IRU�ELUG�HJJV������PJ�+J�NJ�IZZ��WR
WKH�REVHUYHG�ELRDFFXPXODWLRQ�IDFWRUV�IRU
PHUFXU\�LQ�VHGLPHQW�WR�PHUFXU\�LQ�UDLO�HJJV�LQ
IRXU�LQGHSHQGHQW�PDUVKHV�ZLWKLQ�WKH�ED\
�6FKZDU]EDFK�������

&ULWHULD�KDYH�QRW�EHHQ�HVWDEOLVKHG�E\�WKH�(3$
IRU�HLWKHU�WRWDO�RU�PHWK\OPHUFXU\�LQ�VHGLPHQW��
/RQJ�DQG�0RUJDQ��������HYDOXDWHG�D�ZLGH
YDULHW\�RI�OCTKPG�VHGLPHQW�WR[LFLW\�VWXGLHV�LQ
ODE�DQG�ILHOG�IRU�WKH�HIIHFWV�RI�VHGLPHQW
FRQFHQWUDWLRQV�RQ�EHQWKLF�RUJDQLVPV���7KH\�

HVWDEOLVKHG�(IIHFWV�5DQJH�/RZ��(5/��DQG
(IIHFWV�5DQJH�0HGLDQ��(50��FRQFHQWUDWLRQV
IRU�HDFK�FRQVWLWXHQW�HYDOXDWHG���7KH�(5/�LV�WKH
ORZHU����SHUFHQWLOH�WR[LFLW\�YDOXH�LQ�WKH
GDWDEDVH��DQG�WKH�(50�LV�WKH�PHGLDQ�WR[LFLW\
YDOXH���)RU�WRWDO�PHUFXU\�WKH�(5/�LV������PJ�
NJ��GZ��DQG�WKH�(50�LV�����PJ�NJ���)UHVK�
ZDWHU�VHGLPHQW�FULWHULD�IRU�PHUFXU\�KDYH�EHHQ
SURSRVHG�E\�&DQDGD��6PLWK�HW�DO����������7KHVH
VKRZ�D�WKUHVKROG�HIIHFW�OHYHO�RI�������PJ�NJ
�GZ��DQG�D�SUREDEOH�HIIHFW�OHYHO�RI�������PJ�
NJ���7KHVH�GUDIW�YDOXHV�ZHUH�FDOFXODWHG�EDVHG�RQ
LQIRUPDWLRQ�FRPSLOHG�LQ�%('6��ELRORJLFDO
HIIHFWV�GDWDEDVH�IRU�VHGLPHQWV��DV�RI�-DQXDU\
�������7KLV�LV�WKH�VDPH�GDWD�EDVH�GHVFULEHG�E\
/RQJ�HW�DO�����������7KHVH�YDOXHV�DUH�EDVHG�RQ
WR[LFLW\�WR�EHQWKLF�RUJDQLVPV�DQG�QRW�RQ
ELRORJLFDO�WUDQVIHU�FRHIILFLHQWV�WR�EHQWKLF
SUHGDWRUV�

%LRWLF�(IIHFWV

7KH�ELRNLQHWLFV�DQG�WR[LFRORJ\�RI�RUJDQR�
PHUFXULDOV��SDUWLFXODUO\�PHWK\OPHUFXU\��KDYH
EHHQ�PRUH�H[WHQVLYHO\�VWXGLHG�WKDQ�WKRVH�RI�WKH
LQRUJDQLF�IRUP���7KLV�LV�EHFDXVH�WKH�PHWK\ODWHG
IRUP�KDV�ERWK�JUHDWHU�WR[LFLW\�DQG�JUHDWHU
ELRDFFXPXODWLRQ�WKDQ�WKH�LQRUJDQLF�IRUPV��
,QWHVWLQDO�DEVRUSWLRQ�RI�LQRUJDQLF�PHUFXU\�LV
OLPLWHG�WR�D�IHZ�SHUFHQW��ZKHUHDV�DEVRUSWLRQ�RI
PHWK\OPHUFXU\�LV�QHDUO\�
����SHUFHQW��6FKHXKDPPHU���������7KH�DELOLW\
WR�GHPHWK\ODWH�PHUFXU\�DOPRVW�FHUWDLQO\�FRQIHUV
VRPH�UHODWLYH�UHVLVWDQFH�WR�PHUFXU\�WR[LFLW\�DQG�
WRJHWKHU�ZLWK�H[FUHWLRQ�PHFKDQLVPV��PD\
DFFRXQW�IRU�WKH�KLJK�YDULDELOLW\�LQ�VHQVLWLYLW\�WR
PHUFXU\�REVHUYHG�EHWZHHQ�WD[D���7KH�KDOI�OLIH�RI
PHUFXU\�LQ�VHDELUGV�KDV�EHHQ�HVWLPDWHG�WR�EH
DERXW�
���GD\V��0RQWHLUR�DQG�)XUQHVV��������
,QRUJDQLF�PHUFXU\�DSSHDUV�WR�KDYH�WKH�JUHDWHVW
HIIHFW�XSRQ�WKH�NLGQH\V��ZKHUHDV�PHWK\OPHUFXU\
LV�KLJKO\�WR[LF�WR�HPEU\RV�DQG�WKH�QHUYRXV
V\VWHP���0H+J�UHDGLO\�SHQHWUDWHV�WKH�EORRG�
EUDLQ�EDUULHU��SURGXFHV�EUDLQ�OHVLRQV��VSLQDO�FRUG
GHJHQHUDWLRQ��DQG�FHQWUDO�QHUYRXV�V\VWHP
G\VIXQFWLRQV��
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)LVK

%LRFRQFHQWUDWLRQ�RI�PHUFXU\�LQ�ILVK��WDEOH�����LV
LQIOXHQFHG�E\�PDQ\�ZDWHU�TXDOLW\�YDULDEOHV�
LQFOXGLQJ�WHPSHUDWXUH��S+��KDUGQHVV��DQG
PHUFXU\�VSHFLDWLRQ���0HUFXU\�FRQFHQWUDWLRQV�LQ
ZDWHU�DUH�UHIOHFWHG��LQ�D�GRVH�GHSHQGHQW�PDQQHU�
LQ�UHVLGXH�OHYHOV�LQ�ILVK���7KH�SULPDU\�IRFXV�IRU
PRVW�PRQLWRULQJ�KDV�EHHQ�WR�HYDOXDWH�WKH
KD]DUG�RI�PHUFXU\�LQ�ILVK�IOHVK�WR�KXPDQ
FRQVXPSWLRQ���7KLV�IRFXV�KDV�XWLOL]HG�HLWKHU
ILOOHWV�RU��OHVV�RIWHQ��ZKROH�ERG\�FRQFHQWUDWLRQV��
7KH�ROG�8�6��(3$�DTXDWLF�OLIH�FULWHULRQ�IRU
PHUFXU\��(3$�������ZDV�QRW�EDVHG�XSRQ�WKH
KD]DUG�WR�ILVK�EXW�UDWKHU�WKH�KD]DUG�WR�KXPDQ
FRQVXPSWLRQ���7KH�FULWHULRQ�UHJXODWHG�WKDW
FRQFHQWUDWLRQ�LQ�ZDWHU�ZKLFK�FDQ�EH�H[SHFWHG�WR
UHVXOW�LQ�D�FRQFHQWUDWLRQ�RI���PJ�NJ�ZZ�LQ
ILVK³WKH�)'$�DFWLRQ�OHYHO�IRU�

PHUFXU\�LQ�WKH�8QLWHG�6WDWHV���$V�RI������
ILVK�PHUFXU\�OHYHOV�KLJK�HQRXJK�WR�ZDUUDQW
FRQVXPSWLRQ�DGYLVRULHV�KDG�EHHQ�REVHUYHG�LQ
SRUWLRQV�RI����6WDWHV��&OHDQ�:DWHU�)XQG��������
�,Q�UHFHQW�\HDUV��WKRXJK��PRVW�VXFK�DGYLVRULHV
KDYH�EHHQ�GLUHFWHG�DW�´VHQVLWLYH�VXESRSXOD�
WLRQV�µ�VXFK�DV�FKLOGUHQ�DQG�SUHJQDQW�ZRPHQ�
UDWKHU�WKDQ�DW�WKH�JHQHUDO�SRSXODWLRQ����,W�VKRXOG
DOVR�EH�QRWHG�WKDW�PDQ\�6WDWH�DQG�QDWLRQDO
JRYHUQPHQWV��&DQDGD��*HUPDQ\��)ORULGD��HWF��
KDYH�DGRSWHG�D�PRUH�UHVWULFWLYH�KXPDQ�KHDOWK
DGYLVRU\�VWDQGDUG�RI�����PJ�NJ��FRQVLVWHQW�ZLWK
WKH�1DWLRQDO�$FDGHP\�RI�6FLHQFHV
UHFRPPHQGDWLRQV��1$6����������,Q�D�VXUYH\�RI
����VXUIDFH�ZDWHU�ERGLHV��WKH�(QYLURQPHQWDO
3URWHFWLRQ�$JHQF\�IRXQG�WKDW�ILVK�IURP��
SHUFHQW�RI�WKH�ZDWHU�ERGLHV�KDG�PHUFXU\
FRQFHQWUDWLRQV�DERYH�WKH�����PJ�NJ�OHYHO��(3$
����D��

Table 23.&Effects of mercury residues in fish and herptile tissues

Species

Hg concentra-
tion

(mg/kg ww) Tissue Effect or interpretation Reference

Fish

Redbreast sunfish
(Lepomis auritus)

0.08 Skinless fillet Background mean Southworth et al. 1994

Bluegill (Lepomis
machrochirus)

0.11 Skinless fillet Background mean Southworth et al. 1994

Brook trout 2.7 Whole body Mercury intoxication McKim et al. 1976

Rainbow trout
(Oncorhyncus
mykiss)

1%5 Whole body Chronic effects estimate Niimi and Kissoon 1994

10%20 Whole body Lethal estimate

13 Based on 25 mg/kg in
diet for 189 d

Minimata disease1 Southworth et al. 1994

Amphibians/Reptiles

Amphibian 0.04%0.49 Muscle "Uncontaminated" Byrne et al. 1975

American alligator
(Alligator
mississippiensis)

0.08 Brain Background Heaton-Jones et al. 1994

1.37 Irreversible visual
impairment suspected

     1 Symptoms include a rolling swim, inability to stop in front of obstacles, and visual disturbances (Matida et al. 1972).
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,Q�DGGLWLRQ�WR�KXPDQ�KHDOWK��DQRWKHU�IRFXV�RI
PHUFXU\�PRQLWRULQJ�KDV�EHHQ�WR�H[DPLQH�WKH
VWDWXV�RI�PHUFXU\�FRQWDPLQDWLRQ�RU�WKH�WURSKLF
WUDQVIHU�RI�PHUFXU\�LQ�YDULRXV�DTXDWLF�V\V�WHPV��
8QIRUWXQDWHO\��RQO\�D�VPDOO�QXPEHU�RI�VWXGLHV
KDYH�H[DPLQHG�PHUFXU\�LQ�ILVK�DV�D�KD]DUG�WR
WKH�ILVK�WKHPVHOYHV���:KROH�ERG\
FRQFHQWUDWLRQV�DSSHDU�PRVW�XVHIXO�IRU
HYDOXDWLQJ�ERWK�WKH�ELRDFFXPXODWLRQ�RI�PHUFXU\
DQG�LWV�ELRORJLFDO�RU�WR[LFRORJLFDO�KD]DUG�WR�ILVK��
1LLPL�DQG�.LVVRRQ��������VWURQJO\�DGYRFDWH�WKH
XVH�RI�ZKROH�ERG\�PHUFXU\�FRQFHQWUDWLRQV�IRU
HYDOXDWLQJ�PHUFXU\�ULVN�WR�ILVK��UDWKHU�WKDQ�ZDWHU
RU�DQ\�VSHFLILF�WLVVXH�FRQFHQWUDWLRQV���:KROH�
ERG\�ILVK�UHVLGXHV�ZHUH�VSHFLILFDOO\
UHFRPPHQGHG�RYHU�LQGLYLGXDO�RUJDQV�RU�ILOOHW
WLVVXH�FRQ�FHQWUDWLRQV�EHFDXVH�RI�WKH�ODUJH
GHJUHH�RI�XQFHUWDLQW\�LQ�LGHQWLI\LQJ�WKH�WLVVXHV
FULWLFDO�
WR�ILVK�KHDOWK�

0RVW�PHUFXU\�LQ�ILVK�LV�PHWK\OPHUFXU\
�6RUHQVHQ���������7KH�PHDVXUHPHQW�RI�WRWDO
PHUFXU\�DORQH�LQ�ILVK�LV�WKHUHIRUH�HQWLUHO\
VXIILFLHQW�IRU�HYDOXDWLQJ�PHUFXU\�ULVN���7KH�KDOI�
OLIH�RI�PHWK\OPHUFXU\�LQ�ILVK�PXVFOH�LV�HVWLPDWHG
DW��²��\HDUV��6RUHQVHQ�������

7KHUH�LV�ERWK�ILHOG�DQG�ODERUDWRU\�HYLGHQFH�WKDW
GLHW�LV�WKH�PRVW�LPSRUWDQW�URXWH�RI�ILVK
H[SRVXUH�WR�PHUFXU\��LW�FRQWULEXWHV�PRUH�WKDQ
���SHUFHQW�RI�WKH�PHWK\OPHUFXU\�DFFXPXODWHG��
7KH�DVVLPLODWLRQ�HIILFLHQF\�IRU�XSWDNH�RI�GLHWDU\
PHWK\OPHUFXU\�LQ�ILVK�LV�SUREDEO\�
���WR����SHUFHQW�RU�JUHDWHU���7R�D�OHVVHU�H[WHQW�
ILVK�PD\�REWDLQ�PHUFXU\�IURP�ZDWHU�SDVVHG�RYHU
WKH�JLOOV��DQG�ILVK�PD\�DOVR�PHWK\ODWH�LQRUJDQLF
PHUFXU\�LQ�WKH�JXW��:LHQHU�DQG�6SU\��������
+RZHYHU��WURXW�KDYH�EHHQ�VKRZQ�WR�EH�DERXW
VHYHQ�WLPHV�PRUH�HIILFLHQW�DW�H[WUDFWLQJ
PHWK\OPHUFXU\�IURP�GLHWDU\�VRXUFHV�WKDQ�IURP
ZDWHU�YLD�WKH�JLOOV��3KLOOLSV�DQG�%XKOHU�������
DQG�+DOO�HW�DO���������H[SHULPHQWDOO\�FRQILUPHG
WKH�GLHWDU\�URXWH�RI�H[SRVXUH�DV�WKH�PRVW
LPSRUWDQW�RQH�IRU�ILVK�

$V�LV�WKH�FDVH�IRU�WRS�DYLDQ��UHSWLOLDQ��DQG
PDPPDOLDQ�SUHGDWRUV�LQ�DTXDWLF�V\VWHPV�
SLVFLYRURXV�ILVK��SDUWLFXODUO\�ORQJ�OLYHG�

VSHFLHV��PD\�EH�DW�ULVN�IURP�PHUFXU\
ELRFRQFHQWUDWLRQ�DQG�ELRPDJQLILFDWLRQ���$V
QRWHG�DERYH��PHDVXUHPHQWV�RI�PHUFXU\�LQ�ZDWHU
SULRU�WR�WKH�PLG�����V�ZHUH�XQUHDO�LVWLFDOO\�KLJK��
7LVVXH�PHDVXUHPHQWV��KRZHYHU��ZHUH�UHDVRQDEO\
DFFXUDWH��DQG�KHQFH�WKH�ELRFRQFHQWUDWLRQ�IDFWRUV
�%&)V��HVWLPDWHG�DW�WKDW�WLPH�ZHUH
XQUHDOLVWLFDOO\�ORZ��WKH�UHVXOW�RI�GLYLGLQJ�IDLUO\
DFFXUDWH�WLVVXH�FRQFHQWUDWLRQV�E\�RYHUVWDWHG
ZDWHU�FRQFHQWUDWLRQV����=LOOLRX[�HW�DO��������
SRLQW�RXW�WKDW�%&)V�RI��������DQG��������IRU
PHWK\OPHUFXULF�FKORULGH�H[SRVXUH�RI�EURRN
WURXW�DQG�IDWKHDG�PLQQRZV�ZHUH�XVHG�WR
FDOFXODWH�IUHVKZDWHU�ILQDO�UHVLGXH�YDOXHV��ZKHUHDV
UHFHQW�%&)�HVWLPDWHV�GHULYHG�IURP�VDPSOLQJ
DQG�DQDO\VHV�XVLQJ�FOHDQ�WHFKQLTXHV�JHQHUDOO\
H[FHHG���PLOOLRQ����7KH�0HUFXU\�6WXG\�5HSRUW�WR
&RQJUHVV��(3$�����E��OLVWHG�PHGLDQ�%&)V
�FDOOHG�´ELR�DFFXPXODWLRQ�IDFWRUVµ�LQ�WKDW
UHSRUW��IRU�PHWK\OPHUFXU\�LQ�ILVK�DW�WZR
GLIIHUHQW�WURSKLF�OHYHOV���)RU�WKRVH�DW�WURSKLF
OHYHO����ILVK�WKDW�IHHG�RQ�SODQWV�DQG�SODQNWRQ��
WKLV��IDFWRU�LV������������IRU�WKRVH�DW�WURSKLF
OHYHO����ILVK�WKDW�IHHG�RQ�RWKHU�ILVK���LW
V
����������

7KH�0HUFXU\�6WXG\�5HSRUW��(3$�����E��DOVR
H[SUHVVHG�WKHVH�%&)V�LQ�WHUPV�RI�WRWDO�GLVVROYHG
PHUFXU\��FRQFHQWUDWLRQ�RI�DOO�PHUFXU\�VSHFLHV
UHPDLQLQJ�LQ�WKH�ZDWHU�DIWHU�ILOWHULQJ���EDVHG�RQ
WKH�DVVXPSWLRQV�WKDW�
����HVVHQWLDOO\�DOO�RI�WKH�PHUFXU\�PHDVXUHG�LQ
ILVK�WLVVXH�LV�PHWK\OPHUFXU\��DQG�����PHWK\O�
PHUFXU\�DYHUDJHV�����SHUFHQW�RI�WKH�WRWDO
GLVVROYHG�PHUFXU\�LQ�ZDWHU���7KHUHIRUH��WKH
%&)V�IRU�WRWDO�PHUFXU\�DUH���������IRU�WURSKLF
OHYHO���DQG���������IRU�WURSKLF�OHYHO���

7KHVH�%&)V�PD\�EH�DSSOLHG�WR�WLVVXH�FRQFHQ�
WUDWLRQV�DVVRFLDWHG�ZLWK�KDUPIXO�HIIHFWV�LQ�RUGHU
WR�GHULYH�YDOXHV�IRU�SRVVLEO\�KDUPIXO�WRWDO
PHUFXU\�FRQFHQWUDWLRQV�LQ�ZDWHU���)RU�LQVWDQFH�
0F.LP�HW�DO���������UHSRUWHG�UHSURGXFWLYH
LPSDLUPHQW�LQ�EURRN�WURXW�WKDW�KDG�ZKROH�ERG\
PHUFXU\�FRQFHQWUDWLRQV�RI�
����PJ�NJ�� ����������QJ�NJ����$SSO\LQJ�WKH
WRWDO�PHUFXU\�%&)�IRU�WURSKLF�OHYHO���ILVK�JLYHV�
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2,700,000 ng/kg
530,400

' 5.0 ng/kg OR 5.0 ng/L

DV�WKH�WRWDO�GLVVROYHG�PHUFXU\�FRQFHQWUDWLRQ�DW
ZKLFK�VDOPRQLG�UHSURGXFWLRQ�LV�LPSDLUHG�

$OWKRXJK�WKH�0HUFXU\�6WXG\�5HSRUW�WR
&RQJUHVV��(3$�����E��JHQHUDWHG�GDWD�RQ�
D�UDQJH�RI�QDWLRQDO�%&)V��WKDW�UHSRUW
HPSKDVL]HG�WKH�YDOXH�RI�DSSO\LQJ�VLWH�VSHFLILF
DQG�ILHOG�GHULYHG�%&)V�ZKHQ�GHYHORSLQJ�FULWHULD
IRU�VSHFLILF�UHJLRQV���)DFWRUV�ZKLFK�DIIHFW�WKHVH
VLWH�VSHFLILF�%&)V�DUH�PDQ\�DQG�YDULHG���7KHVH
LQFOXGH�WKH�QXPEHU�RI�WURSKLF�OHYHOV�SUHVHQW�DQG
IRRG�ZHE�VWUXFWXUH��WKH�DEXQGDQFH�RI�VXOIXU�
UHGXFLQJ�EDFWHULD��DQG�WKH�FRQFHQWUDWLRQ�RI
VXOIDWHV��GLVVROYHG�R[\JHQ��WHPSHUDWXUH��RUJDQLF
FDUERQ�DYDLODELOLW\��S+��WKH�QDWXUH�RI�WKH
PHUFXU\�VRXUFH��DQG�D�QXPEHU�RI�RWKHU
SDUDPHWHUV��3RUFHOOD�HW�DO��������

'HYHORSLQJ�HPEU\RV�DUH�WKH�PRVW�YXOQHUDEOH
OLIH�VWDJH�WR�PHUFXU\�H[SRVXUH���,Q�DOO
YHUWHEUDWHV��LQFOXGLQJ�ILVK��WKH�WUDQVIHU�RI
PHWK\OPHUFXU\�WR�WKH�HPEU\R�UHSUHVHQWV�WKH
JUHDWHVW�KD]DUG���$FFRUGLQJ�WR�:LHQHU��������
´PHWK\OPHUFXU\�GHULYHG�IURP�WKH�DGXOW�IHPDOH
SUREDEO\�SRVHV�JUHDWHU�ULVN�WKDQ�ZDWHUERUQH
PHUFXU\�IRU�HPEU\RV�LQ�QDWXUDO�ZDWHUV�µ�
6XEOHWKDO�DQG�OHWKDO�HIIHFWV�RQ�ILVK�HPEU\RV�DUH
DVVRFLDWHG�ZLWK�PHUFXU\�UHVLGXHV�LQ�HJJV�WKDW�DUH
SHUKDSV���WR����SHUFHQW�RI�WKH�UHVLGXHV
DVVRFLDWHG�ZLWK�WR[LFLW\�LQ�DGXOW�ILVK���0HUFXU\�
LQWR[LFDWHG�UDLQERZ�WURXW�KDYH�EHWZHHQ���DQG
���PJ�NJ�LQ�ZKROH�ERGLHV��ZKLOH�LQWR[LFDWHG
HPEU\RV�FRQWDLQ������WR�
����PJ�NJ��:HLQHU�������

%RWK�VL]H�DQG�VSHFLHV�RI�ILVK�DUH�LPSRUWDQW
YDULDEOHV�LQ�PHUFXU\�VHQVLWLYLW\���6PDOOHU�ILVK
WHQG�WR�DFFXPXODWH�PHUFXU\�DW�JUHDWHU�UDWHV�WKDQ
ODUJHU�ILVK�GXH�WR�KLJKHU�PHWDEROLF�UDWHV��5HLQHUW
HW�DO��������

,Q�DQ�H[WHQVLYH�HYDOXDWLRQ�RI�PHUFXU\�ELR�
DFFXPXODWLRQ�LQ�DTXDWLF�DQG�EHQWKLF�OLIH�LQ�WKH
FRQWDPLQDWHG�ZDWHUV�RI�&OHDU�/DNH��&DOLIRUQLD�
6XFKDQHN�HW�DO���������VKRZHG�WKDW�PHUFXU\

FRQFHQWUDWLRQV�LQ�ILVK�LQFUHDVHG�ZLWK�LQFUHDVLQJ
ERG\�VL]H��DQG�WKH\�QRWHG�WKH�IROORZLQJ�VSHFLHV�
VSHFLILF�GLIIHUHQFHV���FDUS���VLOYHUVLGHV��
FKDQQHO�FDWILVK���ODUJHPRXWK�EDVV��6XFKDQHN�HW
DO����������%LRFRQFHQWUDWLRQ�IDFWRUV�IRU�PHUFXU\
IURP�ZDWHU�WR�VLOYHUVLGHV�LQ�&OHDU�/DNH�ZHUH�LQ
WKH�UDQJH�RI�����WR�����IRU�WRWDO�PHUFXU\�DQG
IURP�����WR�����IRU�PHWK\OPHUFXU\��
&RQFHQWUDWLRQV�LQ�ODUJH�PRXWK�EDVV�ZHUH�IXUWKHU
LQFUHDVHG�E\�DV�PXFK�DV����WLPHV�RYHU
VLOYHUVLGHV�

,Q�ILVK�DV�LQ�RWKHU�JURXSV��WD[RQRPLF�GLI�
IHUHQFHV�FDQ�DOVR�LQIOXHQFH�PHUFXU\
VXVFHSWLELOLW\���%OXHJLOOV�DUH�FDSDEOH�RI
GHPHWK\ODWLRQ�RI�PHUFXU\�LQ�WKH�OLYHU��%XUURZV
DQG�.UHQNHO��������EXW�LW�LV�GRXEWIXO�ZKHWKHU
UDLQERZ�WURXW�KDYH�WKH�VDPH�DELOLW\��2OVRQ�HW�DO�
��������0HWK\ODWLRQ�FDQ�RFFXU�LQ�WKH�OLYHUV�RI
VRPH�ILVK��H�J���DOEDFRUH�DQG�\HOORZILQ�WXQD��EXW
QRW�UDLQERZ�WURXW�RU�PDFNHUHO��6RUHQVHQ�������

0HUFXU\�FDXVHV�KLVWRSDWKRORJLFDO�HIIHFWV�LQ
QHDUO\�HYHU\�ILVK�WLVVXH�HYDOXDWHG��JLOO��NLGQH\�
H[RFULQH�SDQFUHDV��ELOH�GXFWV��OLYHU��DQG
HU\WKURF\WHV����,W�DSSHDUV�WKDW�LQRUJDQLF�PHUFXU\
LV�WUDSSHG�LQ�PXFXV�RI�WKH�JLOOV��ZKHUHDV
PHWK\OPHUFXU\�WUDYHUVHV�WKLV�ERXQGDU\�UHDGLO\�

$PSKLELDQV�5HSWLOHV

,Q�D�UHYLHZ�RI�PHWDO�DFFXPXODWLRQV�LQ�DPSKL�
ELDQV��+DOO�DQG�0XOKHUQ��������UHSRUWHG�WKDW
DGXOW�DPSKLELDQV�IURP�DUHDV�XQFRQWDPLQDWHG
ZLWK�PHUFXU\�KDG�PHUFXU\�FRQFHQWUDWLRQV�LQ
PXVFOH�UDQJLQJ�IURP������WR������PJ�NJ�ZZ�
PXVFOH�RI�DPSKLELDQV�IURP�FRQWDPLQDWHG�DUHDV
UDQJHG�IURP������WR������PJ�NJ�ZZ��%\UQH�HW
DO����������+DOO�DQG�0XOKHUQ�FRQFOXGHG�WKDW
DPSKLELDQV�GR�QRW�VHHP�WR�DFFXPXODWH�PHUFXU\
DV�PXFK�DV�VRPH�RWKHU�VSHFLHV��L�H���SUHGDWRU\
ELUGV�DQG�VRPH�ILVK����=ROO�HW�DO��������
H[DPLQHG�JHQRWR[LFLW\�DQG�ELRDFFXPXODWLRQ�LQ
ODERUDWRU\�VWXGLHV�RI�WKH�QHZW�2NGWTQFGNGU�YCNVN��
7KH\�REVHUYHG�FHOOV�ZLWK�EURNHQ�FKURPRVRPHV
DQG�RWKHUV�ZLWK�LPSURSHU�QXPEHUV�RI�
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FKURPRVRPHV�LQ�EORRG�VPHDUV�IURP�ODUYDH
H[SRVHG�WR�ERWK�PHUFXULF�FKORULGH��+J&O

�
��DQG

PHWK\O�PHUFXULF�FKORULGH��&+
�
+J&O���

%LRDFFXPXODWLRQ�UDWLRV�DIWHU�
���GD\V�ZHUH�����IRU�PHUFXULF�FKORULGH�DQG�
������IRU�PHWK\O�PHUFXULF�FKORULGH�

%LUGV

6\PSWRPV�RI�DFXWH�PHWK\OPHUFXU\�SRLVRQLQJ�LQ
ELUGV�LQFOXGH�UHGXFHG�IRRG�LQWDNH�OHDGLQJ�WR
ZHLJKW�ORVV��SURJUHVVLYH�ZHDNQHVV�LQ�ZLQJV�DQG
OHJV��GLIILFXOW\�IO\LQJ��ZDONLQJ��DQG�VWDQGLQJ��DQG
DQ�LQDELOLW\�WR�FRRUGLQDWH�PXVFOH�PRYHPHQWV
�6FKHXKDPPHU���������)RU�DFXWH�PHUFXU\
SRLVRQLQJ��EUDLQ�UHVLGXHV�DUH�PRVW�GLDJQRVWLF��
.LGQH\�GLVHDVH�DQG�JRXW�DOVR�VHHP�WR�EH
VWURQJO\�DVVRFLDWHG�ZLWK�HOHYDWHG�PHUFXU\�LQ�WKH
OLYHU��!���PJ�NJ�ZZ���6SDOGLQJ�HW�DO����������,I
ELUGV�KDYH�EHHQ�IRXQG�GHDG��DQG�PHUFXU\
SRLVRQLQJ�LV�VXVSHFWHG��WKH�ELUGV·�EUDLQ��OLYHU�
DQG�NLGQH\�FRQFHQWUDWLRQV�RI�PHUFXU\�VKRXOG�EH
GHWHUPLQHG�LQ�RUGHU�WR�FRQILUP�WKH�FDXVH�

%LUGV�PD\�VKRZ�VLJQLILFDQW�DGYHUVH�HIIHFWV�HYHQ
DW�UHODWLYHO\�ORZ�WLVVXH�FRQFHQWUDWLRQV�LI�WKHVH
FRQFHQWUDWLRQV�UHVXOW�IURP�FKURQLF�PHUFXU\
H[SRVXUHV��WDEOH�������,Q�JUHDW�ZKLWH�KHURQV�
OLYHU�PHUFXU\�FRQWDPLQDWLRQ�
!��PJ�NJ�ZZ�FRUUHODWHG�ZLWK�PRUWDOLW\�IURP
FKURQLF�GLVHDVHV��6XQGORI�HW�DO���������
5HSURGXFWLRQ�LV�RQH�RI�WKH�PRVW�VHQVLWLYH
SK\VLRORJLFDO�SURFHVVHV�DQG�PD\�VKRZ�WR[LF
HIIHFWV�HYHQ�DW�YHU\�ORZ�GLHWDU\�FRQFHQWUD�WLRQV��
&RQFHQWUDWLRQV�LQ�WKH�HJJ�DUH�W\SLFDOO\�PRVW
SUHGLFWLYH�RI�PHUFXU\�ULVN�WR�DYLDQ�UHSURGXFWLRQ�
EXW�FRQFHQWUDWLRQV�LQ�WKH�OLYHU�KDYH�DOVR�EHHQ
HYDOXDWHG�IRU�SUHGLFWLQJ�UHSURGXFWLYH�ULVN���7KH
GRFXPHQWHG�HIIHFWV�RI�PHUFXU\�RQ�UHSURGXFWLRQ
UDQJH�IURP�HPEU\R�OHWKDOLW\�WR�VXEOHWKDO
EHKDYLRUDO�FKDQJHV�LQ�MXYHQLOHV�DW�ORZ�GLHWDU\
OHYHOV���(IIHFWV�RI�PHUFXU\�LQFOXGH�UHGXFHG
KDWFKDELOLW\�GXH�WR�LQFUHDVHV�LQ�HDUO\�PRUWDOLW\�RI
HPEU\RV��VRPH�DPRXQW�RI�HJJVKHOO�WKLQQLQJ�
UHGXFHG�FOXWFK�VL]H��LQFUHDVHG�QXPEHUV�RI�HJJV
ODLG�RXWVLGH�

WKH�QHVW��DEHUUDQW�EHKDYLRU�RI�MXYHQLOHV��DQG
SRWHQWLDOO\�PD\�LQFOXGH�LPSDLUHG�KHDULQJ�RI
MXYHQLOHV�

7KH�GLHWDU\�FRQFHQWUDWLRQV�RI�PHWK\OPHUFXU\
UHTXLUHG�WR�SURGXFH�VLJQLILFDQW�UHSURGXFWLYH
LPSDLUPHQW�DUH�DERXW�RQH�ILIWK�WKRVH�UHTXLUHG
WR�SURGXFH�RYHUW�WR[LFLW\�LQ�DGXOW�ELUGV�RI�WKH
VDPH�VSHFLHV��6FKHXKDPPHU���������,Q�VRPH
FDVHV��RYHUDOO�UHSURGXFWLYH�VXFFHVV�LQ�ELUGV�KDV
GHFUHDVHG�DV�PXFK�DV���²���SHUFHQW�GXH�WR
GLHWDU\�PHWK\OPHUFXU\�H[SRVXUH�LQVXIILFLHQW�WR
FDXVH�REYLRXV�VLJQV�RI�LQWR[LFDWLRQ�LQ�DGXOWV��
+HLQ]��������IHG�PHWK\OPHUFXU\�WR�WKUHH
JHQHUDWLRQV�RI�PDOODUGV�DW�WKH�OHYHO�RI
����PJ�NJ�GZ������PJ�NJ�ZZ����)HPDOHV�ODLG
IHZHU�HJJV�DQG�SURGXFHG�IHZHU�GXFNOLQJV��
0RUHRYHU��WKH�GXFNOLQJV�WKDW�VXUYLYHG�ZHUH�OHVV
UHVSRQVLYH�WR�WDSHG�PDWHUQDO�ZDUQLQJ�FDOOV�DQG
ZHUH�K\SHUVHQVLWLYH�WR�IULJKW�VWLPXOXV���%DUU
�������PDGH�VLPLODU�REVHUYD�WLRQV�LQ�D�ILHOG
VWXG\�RI�WKH�FRPPRQ�ORRQ�LQ�QRUWKZHVWHUQ
2QWDULR���(JJ�OD\LQJ�DQG�WHUULWRULDO�ILGHOLW\�ZHUH
ERWK�UHGXFHG�ZKHUH�WKH�PHDQ�PHUFXU\
FRQFHQWUD�WLRQ�LQ�ORRQ�SUH\�ZDV����²����PJ�NJ
IUHVK�ZHLJKW��ORRQV�HVWDEOLVKHG�IHZ�WHUULWRULHV�
DQG�QRQH�ODLG�DQ\�PRUH�WKDQ�D�VLQJOH�HJJ���7KH
HJJV�FRQWDLQHG�PHUFXU\�UHVLGXHV�DV�KLJK�DV�����
PJ�NJ�ZZ���$URXQG�ZDWHUV�ZKHUH�WKH�PHDQ
PHUFXU\�FRQFHQWUDWLRQV�RI�SUH\�H[FHHGHG����
PJ�NJ�IUHVK�ZHLJKW��WKH�ORRQV�UDLVHG�QR
SURJHQ\�

7KH�NLGQH\�LV�WKH�PDMRU�UHVHUYRLU�RI�LQRUJDQLF
PHUFXU\�LQ�ELUGV�DV�ZHOO�DV�PDPPDOV���,Q�UHQDO
WLVVXH��PHUFXU\�ELQGV�WR�PHWDOORWKLRQHLQ���1RW
VXUSULVLQJO\��WKH�PDMRU�WR[LF�HIIHFW�RI�LQRUJDQLF
PHUFXU\�LV�NLGQH\�GDPDJH³VSHFLILFDOO\��QHFURVLV
RI�WKH�SUR[LPDO�WXEXODU�FHOOV��:DUH�
HW�DO����������6SDOGLQJ�HW�DO���������IRXQG�NLGQH\
GLVHDVH�DQG�JRXW�ZHUH�SUHVHQW�LQ�JUHDW�ZKLWH
KHURQV�WKDW�KDG�!���PJ�NJ�ZZ�OLYHU�PHUFXU\��
,Q�WKH�VDPH�ILHOG�VWXG\�RI�JUHDW�ZKLWH�KHURQV�
OLYHU�PHUFXU\�FRQWDPLQDWLRQ�
!��PJ�NJ�FRUUHODWHG�ZLWK�PRUWDOLW\�IURP
FKURQLF�GLVHDVHV���+RZHYHU��WKH�DXWKRUV�XUJHG
FDXWLRQ�LQ�LQWHUSUHWLQJ�WKHVH�UHVXOWV�EHFDXVH�WKH\
H[DPLQHG�RQO\�ELUGV�WKDW�KDG�EHHQ�IRXQG�
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Table 24.&Observed effects of mercury residues in bird eggs and tissues
[dw, dry weight; ww, wet weight]

Species

Hg concentration
(mg/kg) Tissue Effects Reference

Black duck 4%6 dw Brain Eggs failed to hatch Finley and Stendell
1978

Black-footed
albatross

37.4 dw (tot. Hg)
6.2 dw (MeHg)

Kidney No adverse effect observed Kim et al. 1996

306 dw (tot. Hg)
20.4 dw (MeHg)

Liver

Common
loon

>2. ww Brain Reduced egg laying; reduced nest-site and
territory fidelity

Barr 1986

29.73 ww Liver Reduced nesting success Barr 1986

51.9 ww Reduced hatching success Fimreite 1974

Common
tern

1.0 ww Egg Successful reproduction Fimreite 1974

3.65 ww 27% hatching success; 10%12% fledging rate

1.06 ww Liver No effect Gochfeld 1980

2.22 ww Abnormal feather loss&juveniles

9.08 ww Successful nesting Fimreite 1974

20.7 ww 27% hatching success; 10%12% fledging rate

27.5 ww 10%12% fledge rate

Gannet 97.7 dw Liver Death Parslow et al. 1973

Grackle 40.4 ww Kidney LD33 Finley et al. 1979

54.5 ww Liver

Great white
heron

>6. ww Liver Correlated mortality from chronic disease Spalding et al. 1994

7.2 ww Increased disease and emaciation Spalding and Forrester
1991

>25. ww Kidney disease, articular gout Spalding et al. 1994

Grebe 23.3 ww Liver Death Littrel 1991

Grey heron 58.4 dw
(11.7 ww)

Kidney Death Van der Molen et al.
1982

95.5 dw Liver

Herring gull 2%16 ww Egg No decrease in hatchability Fimreite 1974

Mallard 0.86 ww Egg Aberrant nesting behavior Heinz 1979

Merlin 1%5 dw
(0.2%1.0 ww)

Egg Reduced productivity in ½ of populations Newton and Haas
1988
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Table 24.&Observed effects of mercury residues in bird eggs and tissues&Continued
[dw, dry weight; ww, wet weight]

Species

Hg concentration
(mg/kg) Tissue Effects Reference

Osprey 0.05%0.11 ww Egg No adverse reproductive effects Audet et al. 1992

1.5%3.0 dw
(0.3%0.6 ww)

Egg Decrease in number of young fledged Odsjö 1982

35. ww Liver Death Wiemeyer et al. 1987

Pheasant 0.5%1.5 ww Egg Decrease in hatchability Fimreite 1971

Red-winged
blackbird

74.3 ww Kidney LD33 Finley et al. 1979

126.5 ww Liver

Starling 86.4 ww Kidney LD33 Finley et al. 1979

103.6 ww Liver

Various
species

30. ww Liver Neurologic effects Scheuhammer 1991

Water birds,
generally

1.0%3.6 ww Egg Residue threshold for significant toxic effects Zillioux et al. 1993

5. ww Liver Conservative residue threshold for major toxic
effects

White tailed
eagle

33. ww Liver Death Falandysz et al. 1988

56. ww Kidney

Zebra finch 20. ww Brain 25% mortality Scheuhammer 1988

GHDG���=LOOLRX[�HW�DO���������IRXQG�LQ�WKHLU�UHYLHZ
RI�WKH�OLWHUDWXUH�WKDW�FRQFHQWUDWLRQV�LQ�WKH�OLYHU
EHWZHHQ���DQG���PJ�+J�NJ�ZZ�PD\�UHVXOW�LQ
EHKDYLRUDO�HIIHFWV��ZKHUHDV�OLYHU�PHUFXU\
FRQFHQWUDWLRQV�RI�DERXW����PJ�NJ�ZZ�DQG
DERYH�OHDG�WR�KLJK�HPEU\R�DQG�GXFNOLQJ
PRUWDOLW\�DQG�WR�EUDLQ�OHVLRQV���6SDOGLQJ�DQG
)RUUHVWHU��������VXJJHVWHG�QHXURORJLFDO�HIIHFWV
PD\�EH�DVVRFLDWHG�ZLWK�OLYHU�PHUFXU\�OHYHOV�LQ
ELUGV�DV�ORZ�DV���PJ��NJ�ZZ���=LOOLRX[�HW�DO�
�������FRQFOXGHG�WKDW�D�FRQVHUYDWLYH�UHVLGXH
WKUHVKROG�IRU�PDMRU�WR[LF�HIIHFWV�LQ�ZDWHUELUGV
ZRXOG�EH���PJ�NJ�ZZ�LQ�WKH�OLYHU��

+RZHYHU��DSSDUHQWO\�QRUPDO�VHDELUGV�KDYH�EHHQ
IRXQG�ZLWK�PHUFXU\�FRQFHQWUDWLRQV�PDQ\�WLPHV
WKLV�OHYHO�LQ�WKH�OLYHU��EXW�DQDO\VLV�KDV�VKRZQ
WKHVH�FRQFHQWUDWLRQV�WR�EH�SUL�PDULO\�LQRUJDQLF
PHUFXU\��.LP�HW�DO����������,Q�VRPH�VSHFLHV�
HVSHFLDOO\�3URFHOODULIRUPHV��LW�DSSHDUV�WKDW
GHPHWK\ODWLRQ�RI�PHUFXU\�LV�DQ�LPSRUWDQW�

GHWR[LILFDWLRQ�VWUDWHJ\���7KHUHIRUH�
FKDUDFWHUL]LQJ�WKH�GLIIHUHQW�IRUPV�RI�PHUFXU\�LQ
WLVVXHV�LV�LQFUHDVLQJO\�UHFRJQL]HG�DV�LPSRUWDQW�WR
PHDQLQJIXO�LQWHUSUHWDWLRQ�RI�UHVLGXH�GDWD�

,Q�WKH�PDMRULW\�RI�ZLOG�ELUGV�VDPSOHG��OLYHU
FRQFHQWUDWLRQV�RI�PHUFXU\�DUH�KLJKHU�WKDQ
NLGQH\�FRQFHQWUDWLRQV���+RZHYHU��LQ�VRPH�FDVHV
RI�PHUFXU\�SRLVRQLQJ��NLGQH\�FRQ�FHQWUDWLRQV
DUH�IRXQG�WR�EH�QHDUO\�WKH�VDPH�DV�WKH�OLYHU
FRQFHQWUDWLRQ��/HZLV�DQG�)XUQHVV��������
.LGQH\�FRQFHQWUDWLRQV�RI����PJ�NJ�ZZ�KDYH
EHHQ�QRWHG�LQ�ELUGV�IRXQG�GHDG�LQ�PHUFXU\�
FRQWDPLQDWHG�HQYLURQPHQWV��/LWWUHO�������

%UDLQ�PHUFXU\�DV�ORZ�DV��²��PJ�NJ�ZZ�FDQ�EH
OHWKDO�WR�GXFNOLQJV���&RQFHQWUDWLRQV�IRXU�WLPHV
WKLV�KLJK�DUH�UHTXLUHG�WR�FDXVH�GLUHFW�PRUWDOLW\�LQ
DGXOWV���7KH�ORZHVW�FRQFHQWUDWLRQ�RI�PHUFXU\�LQ
WKH�EUDLQ�WR�SURGXFH�REYLRXV�VLJQV�RI
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LQWR[LFDWLRQ�LQ�DGXOWV�LV���PJ�NJ�GZ�RU���WR����
PJ�NJ�ZZ��6FKHXKDPPHU���������+HLQ]�DQG
/RFNH��������IRXQG�WKDW�WKH�EUDLQV�RI�PDOODUG
GXFNOLQJV�IRXQG�GHDG�ZLWK�EUDLQ�OHVLRQV
FRQWDLQHG�DQ�DYHUDJH�RI������DQG�
�����PJ�+J�NJ�ZZ�LQ�WZR�VXFFHVVLYH�\HDUV��

7KH�WR[LF�HIIHFWV�RI�PHUFXU\�LQ�ELUG�HJJV�KDYH
EHHQ�GRFXPHQWHG�E\�PDQ\�LQYHVWLJDWRUV�LQ�ERWK
ODERUDWRU\�DQG�ILHOG�VWXGLHV��%DUU�������%LUJH�HW
DO��������)LPUHLWH�������������+HLQ]������������
+HLQ]�DQG�/RFNH�������+RIIPDQ�DQG�0RRUH
������)LQOH\�DQG�6WHQGHOO�������7HMQLQJ������
HWF�����0HUFXU\�LV�DQ�H[WUHPHO\�SRWHQW�HPEU\R
WR[LFDQW��DQG�GLHWDU\�PHUFXU\�LV�WUDQVIHUUHG�WR
DYLDQ�HJJV�LQ�D�GRVH�GHSHQGHQW�PDQQHU��
5HSURGXFWLYH�LPSDLU�PHQW�LV�RQH�RI�WKH�PRVW
VHQVLWLYH�HQGSRLQWV�
RI�PHUFXU\�WR[LFLW\���0HUFXU\�DFFXPXODWHV
SDUWLFXODUO\�LQ�WKH�HJJ�ZKLWH�SURWHLQV��ZKLFK
GHULYH�IURP�VHUXP�SURWHLQV���(JJ�FRQFHQWUD�
WLRQV��WKHUHIRUH��PRUH�FORVHO\�UHIOHFW�PHUFXU\
IURP�UHFHQW�GLHWDU\�XSWDNH�WKDQ�IURP�DFFXPX�
ODWHG�WLVVXH�VWRUHV���7KHUH�LV�DOVR�HYLGHQFH�WKDW
WKH�RYDOEXPLQ�IUDFWLRQ�RI�HJJ�ZKLWH�KDV�D
VSHFLILF�DIILQLW\�IRU�GLHWDU\�PHUFXU\��ZKLOH�WKH
RYRJOREXOLQ�IUDFWLRQ�WHQGV�WR�DFFXPXODWH�ORZ
OHYHOV�RI��QRQGLHWDU\��PHUFXU\���%HFDXVH�RI�WKH
VWURQJ�GLHWDU\�FRQQHFWLRQ��:DOVK�������
VXJJHVWHG�WKDW�HJJV�SURYLGH�D�SDUWLFXODUO\�JRRG
LQGLFDWRU�RI�PHUFXU\�H[SRVXUH�LQ�WKH�YLFLQLW\�RI
WKH�QHVWLQJ�VLWH�LQ�WKH�LPPHGLDWH�SUH�OD\LQJ
VHDVRQ���2QH�FDQ�H[SHFW�PHWK\OPHUFXU\�WR
SUHGRPLQDWH�LQ�HJJV��SDUWLFXODUO\�ZLWKLQ�WKH
DOEXPHQ�IUDFWLRQ���%HFDXVH�PHUFXU\�LV
SUHGRPLQDQWO\�GHSRVLWHG�LQ�DOEXPHQ��PRUH
LQWUD�FOXWFK�YDULDWLRQ�LQ�PHUFXU\�FRQWHQW�LV�DOVR
WR�EH�H[SHFWHG�WKDQ�LQ�FRQWDPLQDQWV
SUHIHUHQWLDOO\�GLVWULEXWHG�WR�\RON���%HFNHU�������
UHSRUWV�WKDW��DPRQJ�WKH�&KDUDGULLIRUPHV��WKH
ODVW�HJJ�RI�D�FOXWFK�FRPPRQO\�KDV�ORZHU
PHUFXU\�FRQWHQW�WKDQ�WKH�ILUVW�HJJ���7KH�ILUVW�HJJ
ODLG�FRQWDLQHG�DV�PXFK�DV����SHUFHQW�PRUH
PHUFXU\�WKDQ�WKH�VHFRQG�RU�WKLUG�HJJ���%HFNHU�HW
DO���������SUHGLFW�WKDW�WKH�WR[LF�HIIHFWV�RI
PHUFXU\�ZRXOG�EH�PRUH�SURQRXQFHG�LQ�C�FKLFNV
�WKH�FKLFN�IURP�WKH�ILUVW�ODLG�HJJ����,Q�HOHYDWHG
PHUFXU\�HQYLURQPHQWV��WKLV�ZLOO�UHVXOW�LQ�

DEQRUPDOO\�KLJK�ORVVHV�RI�C�FKLFNV��D�UHYHUVDO�RI
WKH�QRUPDO�VLWXDWLRQ��%DUU��������GRFXPHQWHG
DGYHUVH�HIIHFWV�RQ�ORRQV�DVVRFLDWHG�ZLWK�HJJ
FRQFHQWUDWLRQV�RI������PJ�NJ�ZZ�

+RIIPDQ�DQG�0RRUH��������WUHDWHG�PDOODUG�HJJV
ZLWK�H[WHUQDOO\�DSSOLHG�PHWK\OPHUFXU\�FKORULGH��
(IIHFWV�ZHUH�GRVH�UHODWHG�DQG�LQFOXGHG
GHFUHDVHG�HPEU\R�ZHLJKWV��GHYHORSPHQWDO
DEQRUPDOLWLHV��DQG�HPEU\RQLF�GHDWK���7KH�ORZHVW
GRVH�DSSOLHG�ZKLFK�DIIHFWHG�VXUYLYDO�ZDV���
PLFURJUDPV���*LYHQ�DQ�DYHUDJH�PDOODUG�HJJ
ZHLJKW�RI����JUDPV��WKLV�GRVH�FRUUHVSRQGV�WR
DERXW�����PJ�NJ���:LWK�LQFUHDVLQJ
FRQFHQWUDWLRQV��DEQRUPDOLWLHV�SURJUHVVHG�LQ
VHYHULW\�IURP�PRVWO\�PLQRU�VNHOHWDO�GHIRUPLWLHV
WR�JURVV�H[WHUQDO�RQHV�VXFK�DV�PLFURPHOLD�
JDVWURVFKLVLV��DQG�H\H�GHIHFWV�DV�ZHOO�DV�LQWHUQDO
GHIRUPLWLHV�VXFK�DV�EUDLQ�GHIHFWV�DQG�D
UHGXFWLRQ�LQ�OLYHU�VL]H���6XFK�ODERUDWRU\�ZRUN�LV
XVHIXO�EHFDXVH�LW�PD\�HIILFLHQWO\�HOXFLGDWH�WKH
W\SHV�RI�HIIHFWV�WKDW�FDQ�EH�SURGXFHG��EXW�WKHVH
UHVXOWV�VKRXOG�QRW�EH�OLWHUDOO\�H[WUDSRODWHG�WR�WKH
ILHOG���([WHUQDO�PHUFXU\�H[SRVXUHV�E\�+RIIPDQ
DQG�0RRUH�KDG�PRUH�SURQRXQFHG�HIIHFWV�DW
ORZHU�GRVHV�WKDQ�RUJDQLF�PHUFXU\�LQFRUSRUDWHG
LQWR�WKH�HJJ�WKURXJK�WKH�KHQ·V�PHWDEROLVP
�+HLQ]�������SUHVXPDEO\�EHFDXVH�WKH�DSSOLHG
PHUFXU\�ZDV�QRW�FRPSOHWHO\�ERXQG�WR�WKH
RYDOEXPLQ�DQG�RYRJOREXOLQ�

5HSURGXFWLYH�HIIHFWV�PD\�H[WHQG�EH\RQG�WKH
HPEU\R�DQG�PD\�UHGXFH�WKH�UDWH�RI�MXYHQLOH
VXUYLYDO���0HUFXU\�LQ�WKH�HJJV�RI�PDOODUGV�KDV
FDXVHG�EUDLQ�OHVLRQV�LQ�KDWFKHG�GXFNOLQJV��
+HLQ]�DQG�/RFNH��������UHSRUWHG�RQ�PDOODUGV
WKDW�ZHUH�IHG�����PJ�NJ�PHWK\OPHUFXU\
GLF\DQGLDPLGH��HTXLYDOHQW�WR�����PJ�+J�NJ�
LQ�D�QDWXUDO�VXFFXOHQW�GXFN�GLHW��RYHU�WZR
VXFFHVVLYH�\HDUV���0HUFXU\�DFFXPXODWHG�LQ�WKH
HJJV�WR�DQ�DYHUDJH�RI������DQG������PJ�NJ�ZZ
LQ�WKH�WZR�\HDUV���/HVLRQV�LQFOXGHG�GHP\HOLQD�
WLRQ��QHXURQ�VKULQNDJH��QHFURVLV��DQG�KHPRU�
UKDJH�LQ�WKH�PHQLQJHV�RYHUO\LQJ�WKH�FHUHEHOOXP�

,Q�D�ILHOG�VWXG\�RI�WRWDO�PHUFXU\�LQ�HJJV�RI
FRPPRQ�WHUQV��)LPUHLWH��������HVWLPDWHG�WKH
WKUHVKROG�OHYHO�IRU�WR[LF�HIIHFWV�WR�EH�EHWZHHQ
����DQG�����PJ�NJ�ZZ���+HLQ]��������ZDV�DEOH
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WR�UHODWH�HJJ�FRQFHQWUDWLRQV�WR�VXEWOH�EHKDYLRUDO
HIIHFWV�LQ�PDOODUG�GXFNOLQJV���$V�GHVFULEHG
HDUOLHU��KH�IHG�GXFNV�D�GLHW�LQFOXGLQJ�����PJ
+J�NJ�GZ�RYHU�WKUHH�JHQHUDWLRQV�DQG�IRXQG
GHFUHDVHG�UHSURGXFWLYH�VXFFHVV�DQG�DOWHUHG
EHKDYLRU�RI�GXFNOLQJV���7KH�PHDQ�PHUFXU\
FRQFHQWUDWLRQ�LQ�HJJV�LQ�WKLV�VWXG\�ZDV�����
PJ�NJ��IZZ����,Q�D�VWXG\�RI�ULQJ�QHFNHG
SKHDVDQWV��)LPUHLWH��������IRXQG�D�VLJQLILFDQW
UHGXFWLRQ�LQ�KDWFKDELOLW\�DVVRFLDWHG�ZLWK�GLHWDU\
PHUFXU\�OHYHOV�EHWZHHQ�����DQG�����PJ�NJ�ZZ��
7KH�ORZ�HQG�RI�WKLV�HIIHFW�UDQJH�FRQWLQXHV�WR�EH
WKH�ORZHVW�REVHUYHG�DGYHUVH�HIIHFW�OHYHO
�/2$(/��IRU�PHUFXU\�LQ�ELUG�HJJV��

(VWDEOLVKLQJ�HIIHFW�OHYHOV�EDVHG�RQ�PHUFXU\
FRQFHQWUDWLRQV�LQ�IHDWKHUV�PXVW�EH�FRQVLGHUHG
ZLWK�FDXWLRQ���)HDWKHUV�UHSUHVHQW�D�URXWH�RI
H[FUHWLRQ�DQG�QRW�D�WDUJHW�RUJDQ���0HUFXU\�LV
GHSRVLWHG�LQ�IHDWKHUV�DW�WKH�WLPH�RI�PROW��ZKHQ
WKHUH�LV�DFWLYH�IHDWKHU�JURZWK�DQG�D�FRUUHV�
SRQGLQJ�EORRG�VXSSO\�WR�WKH�JURZLQJ�IHDWKHU
�*RHGH�DQG�GH%UXLQ�������)XUQHVV�HW�DO�������
%UDXQH���������2QFH�PHUFXU\�LV�LQ�IHDWKHUV��LW�LV
ERXQG�WR�WKH�VXOILGH�ERQGV�RI�IHDWKHU�NHUDWLQ
DQG�LV�QRW�SK\VLRORJLFDOO\�DYDLODEOH�
IRU�UHGLVWULEXWLRQ�WR�WDUJHW�RUJDQV���0HUFXU\
FRQWHQW�RI�IHDWKHUV�ZLOO�YDU\�ZLWK�WLPH�WR�ODVW
PROW��IHDWKHU�W\SH��DQG�DJH�DQG�VSHFLHV�RI�WKH
ELUG��0RQWHLUR�DQG�)XUQHVV���������)HDWKHUV
KDYH�WKH�DGYDQWDJH�RI�EHLQJ�D�QRQGHVWUXFWLYH
H[SRVXUH�DVVHVVPHQW�PDWUL[�ZKLFK�PD\�EH
UHVDPSOHG�LQ�WKH�VDPH�LQGLYLGXDO�DQG�ZKLFK�PD\
DOVR�EH�FRPSDUHG�ZLWK�PXVHXP�VSHFLPHQV
�$SSOHTXLVW�HW�DO����������7KH�FRQFHQWUDWLRQ�RI
PHUFXU\�LQ�WLVVXHV�PD\�DFWXDOO\�GHFUHDVH�GXULQJ
PROWLQJ�DV�PHUFXU\�LV�PRELOL]HG�IURP�WLVVXHV
LQWR�IHDWKHUV��)XUQHVV�HW�DO����������,Q�VHTXHQWLDO
IHDWKHU�ORVV�SDWWHUQV��WKH�ILUVW�SULPDU\�IHDWKHU�WR
EH�JURZQ�EDFN�KDV�WKH�JUHDWHVW�PHUFXU\
FRQFHQWUDWLRQ��DQG�WKH�FRQFHQWUDWLRQV�GHFUHDVH
LQ�VXEVHTXHQW�IHDWKHUV��/HZLV�DQG�)XUQHVV������
%UDXQH�������%UDXQH�DQG�*DVNLQ���������%HFNHU
HW�DO���������IRXQG�UHVXOWV�LQ�WKUHH�VSHFLHV�RI
ODULGV�ZKLFK�LPSOLHG�WKDW�PHUFXU\�LQ�WKH�ILUVW
GRZQ�RI�FKLFNV�ZDV�D�FRQVHTXHQFH�RI�PHUFXU\
OHYHOV�LQ�WKH�HJJ��ZKHUHDV�OHYHOV�LQ�IHDWKHUV�RI
FKLFNV�ZHUH�ODUJHO\�GXH�WR�PHUFXU\�LQJHVWHG�LQ�

IRRG���/HZLV�DQG�)XUQHVV��������IRXQG�WKDW�LQ
ODERUDWRU\�UHDUHG�EODFN�KHDGHG�JXOOV�����SHU�FHQW
RI�WKH�DGPLQLVWHUHG�PHUFXU\�ZDV�DFFXPXODWHG�LQ
WKH�SOXPDJH�LQGHSHQGHQW�RI�WKH�GRVH
DGPLQLVWHUHG���7KH�SHUFHQWDJH�RI�WKH�PHUFXU\
ERG\�EXUGHQ�IRXQG�LQ�SOXPDJH�YDULHV�IURP
VSHFLHV�WR�VSHFLHV�

$OPRVW�DOO�IHDWKHU�PHUFXU\�LV�WKH�RUJDQLF�IRUP
�7KRPSVRQ�DQG�)XUQHVV���������6SHFLHV�WKDW�DUH
HIIHFWLYH�LQ�GHPHWK\ODWLQJ�PHUFXU\��VXFK�DV�WKH
3URFHOODULIRUPHV��ZLOO�WHQG�WR�KDYH�D�ORZHU
SHUFHQWDJH�RI�WKHLU�WRWDO�PHUFXU\�ERG\�EXUGHQ
SDUWLWLRQHG�LQWR�WKH�IHDWKHUV�WKDQ�RWKHU�VSHFLHV
GR��.LP�HW�DO����������7KLV�FKDUDFWHU�LVWLF�KDV
EHHQ�LQWHUSUHWHG�DV�DQ�DGDSWDWLRQ�WR�WKH�VORZ
PROW�RI�IHDWKHUV�LQ�3URFHOODULIRUPHV��LQDVPXFK
DV�WKH\�GR�QRW�VKHG�IHDWKHUV�DV�TXLFNO\�DV�RWKHU
VSHFLHV��WKH�IHDWKHUV�DUH�OHVV�XVHIXO�DV�D�PHGLXP
IRU�WKH�VHTXHVWUDWLRQ�DQG�XOWLPDWH�H[FUHWLRQ�RI
PHWK\OPHUFXU\��.LP�
HW�DO���������

7KH�PROW�SDWWHUQ�RI�DQ\�JLYHQ�VSHFLHV�ZLOO�DOVR
KDYH�D�ODUJH�LQIOXHQFH�RQ�WKH�YDULDWLRQ�RI
PHUFXU\�FRQWHQW�EHWZHHQ�GLIIHUHQW�IHDWKHUV
ZLWKLQ�DQ�LQGLYLGXDO�ELUG��$SSOHTXLVW�HW�DO�
��������*UHDWHU�YDULDWLRQ�LQ�PHUFXU\�ZLWK�IHDWKHU
W\SH�VKRXOG�DOVR�EH�H[SHFWHG�LQ�PRUH
FRQWDPLQDWHG�HQYLURQPHQWV��%HFNHU�HW�DO���������
7KH�WLPLQJ�RI�IHDWKHU�JURZWK�PD\�DOVR�LQIOXHQFH
PHUFXU\�DFFXPXODWLRQ�LQ�RWKHU�WLVVXHV�LI�WKH
OHYHOV�RI�PHUFXU\�H[SRVXUH�GLIIHU�JUHDWO\
EHWZHHQ�WKH�ELUGV
�ZLQWHULQJ�DQG�EUHHGLQJ
JURXQGV���)RU�PHDQLQJIXO�TXDQWLWDWLYH
PRQLWRULQJ�RI�PHUFXU\�XVLQJ�IHDWKHUV��WKH
IHDWKHU�PHUFXU\�SDWWHUQ�IRU�D�VSHFLHV�VKRXOG�EH
HVWDEOLVKHG�DQG�VLPLODUO\�VDPSOHG�DPRQJ�WKRVH
LQGLYLGXDOV�RU�SRSXODWLRQV�ZKLFK�DUH�WR�EH
FRPSDUHG���)RU�KLVWRULF�FRPSDULVRQV�XVLQJ�ROGHU
PXVHXP�VSHFLPHQV��HVSHFLDOO\�LI�SUHVHUYDWLRQ
PHWKRGV�DUH�YDJXHO\�UHFRUGHG��LW�PD\�EH�SUXGHQW
WR�GHWHUPLQH�ERWK�WRWDO�PHUFXU\�DQG�PHWK\O�
PHUFXU\�LQ�IHDWKHUV�WR�HYDOXDWH�WKH�UHODWLYH
FRQWULEXWLRQ�RI�PHUFXULDO�XVHG�LQ�SUHVHUYDWLRQ
RI�WKH�DYLDQ�VNLQV�

,Q�D�UHYLHZ�RI�HIIHFWV�UHODWHG�WR�PHUFXU\
FRQFHQWUDWLRQV�LQ�IHDWKHUV��(LVOHU�������
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UHSRUWHG�WKDW�FRQFHQWUDWLRQV�EHWZHHQ���DQG�
���PJ�NJ��LQ�IHDWKHUV�DUH�OLQNHG�WR�LPSDLUHG
UHSURGXFWLRQ���6WHULOLW\�ZDV�REVHUYHG�LQ�WKH
)LQQLVK�VSDUURZ�KDZN��#EEKRKVGT�PKUWU��DW
IHDWKHU�PHUFXU\�FRQFHQWUDWLRQV�RI����PJ�NJ��
%RZHUPDQ�HW�DO���������IRXQG�WKDW�IHDWKHUV�RI
EDOG�HDJOHV�LQ�WKH�*UHDW�/DNHV�UHJLRQ�KDG
PHUFXU\�FRQFHQWUDWLRQV�RI����WR����PJ�NJ��EXW
WKH\�FRXOG�PDNH�QR�DVVRFLDWLRQ�EHWZHHQ
PHUFXU\�FRQFHQWUDWLRQV�DQG�EDOG�HDJOH�UHSUR�
GXFWLRQ���6FKHXKDPPHU��������VXJJHVWV�WKDW
IHDWKHU�PHUFXU\�FRQFHQWUDWLRQV�!���PJ�NJ�FDQ
UHVXOW�IURP�GLHWV�FRQWDLQLQJ�!��PJ�+J�NJ��DQG
WKDW�WKHVH�FRQFHQWUDWLRQV�SUREDEO\�LQGLFDWH�D
ZHWODQG�WKDW�SRVHV�D�PHUFXU\�ULVN�
WR�ELUGV���+H�HVWLPDWHV�WKH�QRUPDO�EDFNJURXQG
RI�PHUFXU\�LQ�UDSWRU�IHDWKHUV�WR�EH��²��PJ�NJ�

0DPPDOV

7KRXJK�IDU�IHZHU�VWXGLHV�KDYH�EHHQ�FRQGXFWHG
DVVHVVLQJ�PHUFXU\�WR[LFLW\�LQ�PDPPDOV�WKDQ�LQ
ELUGV��PDQ\�RI�WKH�JHQHUDO�PHFKDQLVPV�DUH
VLPLODU���/LNH�ELUGV��PDPPDOV�DFFXPXODWH
PHUFXU\�IURP�YDULRXV�HQYLURQ�PHQWDO�PDWULFHV�
EXW�WKRVH�OLYLQJ�LQ�RU�QHDU�ZDWHU�WHQG�WR
DFFXPXODWH�WKH�PRVW���.XFHUD��������UHSRUWV
WKDW�PLQN�DQG�ULYHU�RWWHU��LQ�GUDLQDJH�DUHDV
VXSSRUWLQJ����SXOS�DQG�SDSHU�PLOOV�DQG�D�FKORU�
DONDOL�SODQW��DFFXPXODWHG�
���WLPHV�PRUH�PHUFXU\�WKDQ�SUHGDWRU\�ILVK�IURP
WKH�VDPH�GUDLQDJH�DUHDV���*HQHUDOO\��FDUQLYRURXV
RU�SLVFLYRURXV�DQLPDOV�WHQG�WR�KDYH�WKH�KLJKHVW
ERG\�EXUGHQV��RPQLYRUHV�KDYH�LQWHUPHGLDWH
ERG\�EXUGHQV��DQG�KHUELYRUHV�WHQG�WR�KDYH�WKH
ORZHVW�ERG\�EXUGHQV���7KHUH�LV�DOVR�DQ�DJH�
UHODWHG�HIIHFW���ROGHU�DQLPDOV�WHQG�WR�KDYH�KLJKHU
ERG\�EXUGHQV�WKDQ�\RXQJHU�RQHV���7KLV�LV
SUREDEO\�GXH�WR�D�FRPELQDWLRQ�RI�IDFWRUV
LQFOXGLQJ�WKH�OHQJWK�RI�WLPH�WKH�ROGHU�DQLPDOV
KDYH�KDG�WR�ELRDFFXPXODWH�PHUFXU\��WKH�\RXQJHU
DQLPDOV·�KLJKHU�PHWDEROLF�UDWH��DQG�WKH�ROGHU
DQLPDOV·�VORZHU�UDWH�RI�PHUFXU\�H[FUHWLRQ�

,Q�PDPPDOV��WKH�KLJKHVW�PHUFXU\�FRQFHQWUD�
WLRQV�DUH�JHQHUDOO\�IRXQG�LQ�KDLU�RU�LQ�OLYHU�RU
NLGQH\�WLVVXH��GHSHQGLQJ�XSRQ�WKH�VSHFLHV��WDEOH�

������0XVFOH�DQG�EUDLQ�WLVVXH�DOVR�WHQG�WR
DFFXPXODWH�PHUFXU\���7KH�SULPDU\�URXWH�RI
H[FUHWLRQ�LV�WKURXJK�WKH�KDLU���$QLPDOV�WKDW�JURZ
KHDY\�ZLQWHU�FRDWV�DQG�VKHG�WKHP�LQ�VXPPHU
WHQG�WR�H[FUHWH�PRUH�PHUFXU\�WKDQ�WKRVH�WKDW
GRQ·W���0HUFXU\�H[FUHWHG�WKURXJK�WKH�KDLU�LV
ERXQG�WR�SURWHLQV��MXVW�DV�LQ�ELUG�IHDWKHUV�

0DQLIHVWDWLRQV�RI�PHUFXU\�SRLVRQLQJ�LQ
PDPPDOV�LQFOXGH�ORVV�RI�PXVFOH�FRRUGLQDWLRQ�
ORVV�RI�DSSHWLWH��DQG�VHQVRU\�LPSDLUPHQW��
6HQVRU\�LPSDLUPHQW�KDV�EHHQ�GHVFULEHG�LQ
KXPDQV�DQG�PRQNH\V�DV�FRQVWULFWLRQ�RI�WKH
YLVXDO�ILHOG�DQG�ORVV�RI�KHDULQJ���2UJDQLF
PHUFXU\�LV�PRUH�WR[LF�WR�PDPPDOV�WKDQ
LQRUJDQLF�PHUFXU\��PHWK\OPHUFXU\�LUUHYHUVL�EO\
GHVWUR\V�WKH�QHXURQV�RI�WKH�FHQWUDO�QHUYRXV
V\VWHP���$QLPDOV�H[SRVHG�WR�VXE�OHWKDO�PHUFXU\
FRQFHQWUDWLRQV��RU�VXIIHULQJ�IURP�FKURQLF�ORZ�
OHYHO�H[SRVXUH��PD\�DSSHDU�QRUPDO���:KHQ
VWUHVVHG��WKRXJK��WKH\�PD\�QRW�EH�DEOH�WR
SHUIRUP�DGHTXDWHO\�WR�VXUYLYH�WKH�ULJRUV�RI
OLYLQJ�LQ�WKH�ZLOG�

0HUFXU\�FURVVHV�WKH�SODFHQWDO�EDUULHU�DQG
UHDFKHV�WKH�GHYHORSLQJ�IHWXV���$�JUHDW�GHDO�RI
UHVHDUFK�KDV�EHHQ�GRQH�VWXG\LQJ�WKH�LPSDFWV�RI
RFFXSDWLRQDO�DQG�DFFLGHQWDO�PHUFXU\�H[SRVXUHV
WR�KXPDQ�IHWXVHV���)URP�WKLV�UHVHDUFK��WKH�IHWXV
LV�NQRZQ�WR�EH�PXFK�PRUH�VHQVLWLYH�WKDQ�WKH
DGXOW�WR�WKH�LOO�HIIHFWV�RI�PHUFXU\��*LUDUG�DQG
'XPRQW���������)RU�DOO�RUJDQLVPV�WHVWHG��HDUO\
GHYHORSPHQWDO�VWDJHV�KDYH�EHHQ�VKRZQ�WR�EH�WKH
PRVW�VHQVLWLYH�WR�PHUFXU\�SRLVRQLQJ��(LVOHU
��������0HWK\O�PHUFXU\�LV�IXUWKHUPRUH�D�NQRZQ
WHUDWRJHQ�DQG�PXWDJHQ�

%LRDFFXPXODWLRQ

0HUFXU\�VWURQJO\�ELRDFFXPXODWHV�DQG�HYHQ
ELRPDJQLILHV�WKURXJK�WURSKLF�OHYHOV�LQ�DTXDWLF
V\VWHPV���%LRPDJQLILFDWLRQ�RI�PHUFXU\�KDV�EHHQ
GRFXPHQWHG�LQ�ELUGV��)LPUHLWH��������ILVK��DQG
HYHQ�]RRSODQNWRQ�FRPPXQLWLHV��:DWUDV�DQG
%ORRP���������:LWKLQ�DTXDWLF�
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Table 25.&Mammalian mercury exposures and associated effects

Species

Hg concentration
(mg/kg dw) Tissue Effects Reference

Cat (Felis domesticus) 121%392 (fw) Hair Death Jenkins 1980

Mink (Mustela vison) 30%40 Liver Death; also suffering from cold
stress

Wren et al. 1987

4%18 Brain

7.8 Muscle Nervous system pathology Burton et al. 1977

25.4 Liver Nervous system pathology Hallbrook et al. 1994

58.2 Liver Death Wobeser et al. 1976

34.9 Fur

31.9 Kidney

15.2 Muscle

13.4 Brain

Monkeys 1.2%4  Blood Visual disturbance Suzuki 1979

6%9 Brain Visual disturbances Burton et al. 1977

Mountain lion 110 Liver Death Roelke 1990

River otter (Lutra
canadensis)

13.5 Muscle Death Hallbrook et al. 1994

30 Liver Death

White-footed mouse
(Peromyscus
maniculatus)

0.31 Hair No effect Burton et al. 1977

10.8 Normal appearance; poor
performance under stress

V\VWHPV��WKH�QHW�UDWH�RI�PHWK\ODWLRQ�
GHPHWK\ODWLRQ�SURFHVVHV�LQ�ZDWHU�DQG�VHGLPHQWV
XOWLPDWHO\�JRYHUQV�WKH�ELR�DYDLODELOLW\�RI
PHUFXU\���%RWK�SURFHVVHV�DUH�ELRORJLFDO��DQG
GHPHWK\ODWLRQ�LV�EHWWHU�XQGHUVWRRG�WKDQ
PHWK\ODWLRQ��=LOOLRX[�HW�DO����������6HYHUDO
IDFWRUV�KDYH�EHHQ�VKRZQ�WR�LQIOXHQFH�WKH�QHW
UDWH�RI�PHWK\OPHUFXU\�SURGXFWLRQ���7KRVH�WKDW
LQFUHDVH�SURGXFWLRQ�LQFOXGH�KLJK�GLVVROYHG
RUJDQLF�FDUERQ�FRQWHQW��ORZ�S+��WKH�SUHVHQFH�RI
VXOILGHV��DQG�KLJK�WHPSHUDWXUHV�

:LWKLQ�D�ZDWHUVKHG��ZHWODQGV�HQKDQFH�WKH�UDWH
RI�PHWK\OPHUFXU\�SURGXFWLRQ��/HH�DQG�+XOWEHUJ
�������DQG�VR�GR�UHVHUYRLUV��SDUWLFXODUO\�QHZ
UHVHUYRLUV���7KH�´QHZ�UHVHUYRLU�HIIHFW�µ�ZKHUHE\
D�SXOVH�RI�PHWK\OPHUFXU\�LV�SURGXFHG�LQ�WKH
ILUVW�IHZ�\HDUV�RI�UHVHUYRLU�ILOOLQJ��LV�XVXDOO\

FUHGLWHG�WR�WKH�LQLWLDO�QXWULHQW�LQSXW�IURP
GHFD\LQJ�WHUUHVWULDO�YHJHWDWLRQ�NLOOHG�E\�WKH�ULVLQJ
ZDWHUV���,W�VKRXOG�EH�QRWHG�WKDW�WKLV�HIIHFW�LV�QRW
OLPLWHG�WR�WKRVH�UHJLRQV�WKDW�KDYH�ORFDO
JHRORJLFDO�RU�LQGXVWULDO�VRXUFHV��DWPRVSKHULF
LQSXW�DORQH�PD\�EH�VXIILFLHQW�WR�SURGXFH�D
GHWHFWDEOH�SXOVH�RI�PHWK\OPHUFXU\���$OWKRXJK
PHUFXU\�ELRFRQFHQWUDWLRQ�IDFWRUV��%&)V��IURP
ZDWHU�WR�ILVK�RI�RYHU�D�PLOOLRQ�DUH�QRW
XQFRPPRQ��:DWUDV�HW�DO��������%ORRP�HW�DO�
������3RUFHOOD�������6XFKDQHN�HW�DO��������
3RUFHOOD�KDV�FDXWLRQHG�WKDW�WKHVH�%&)V�PD\�QRW
EH�DSSOLFDEOH�RYHU�D�ZLGH�UDQJH�RI�ZDWHU
TXDOLWLHV�EHFDXVH�VR�PDQ\�IDFWRUV�LQIOXHQFH
PHUFXU\�ELRDYDLODELOLW\�
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,QWHUDFWLRQV

0HUFXU\�LV�NQRZQ�WR�LQWHUDFW�WR[LFRORJLFDOO\
ZLWK�RWKHU�HOHPHQWV�LQ�DGGLWLYH��V\QHUJLVWLF��DQG
DQWDJRQLVWLF�ZD\V���,WV�LQWHUDFWLRQV�ZLWK�VHOHQLXP
DUH�RI�SDUWLFXODU�LQWHUHVW���%RWK�PHUFXU\�DQG
VHOHQLXP�ELRDFFXPXODWH��ERWK�ELQG�WR�RUJDQR�
WKLRO�JURXSV��DQG�ERWK�KDYH�WKHLU�JUHDWHVW�WR[LF
HIIHFW�WKURXJK�GLHWDU\�H[SRVXUH�WR�WKH�RUJDQLF
IRUPV���,QWHUDFWLRQV�EHWZHHQ�VHOHQLXP�DQG
PHUFXU\�KDYH�EHHQ�H[WHQVLYHO\�GRFXPHQWHG
�&XYLQ�$UDODU�DQG�)XUQHVV�������6RUHQVHQ
�������DOWKRXJK�PDQ\�FRQIOLFWLQJ�UHVXOWV�KDYH
EHHQ�UHSRUWHG���7KHVH�LQWHUDFWLRQV�YDU\�JUHDWO\
LQ�FKDUDFWHU�DQG�LQ�VWUHQJWK��GHSHQGLQJ�RQ
ZKHWKHU�WKH�IRUPV�RI�WKH�WZR�HOHPHQWV�DUH
RUJDQLF�RU�LQRUJDQLF���7KH�H[DFW�FKHPLFDO
VSHFLDWLRQ��DQG�RWKHU�IDFWRUV��FDQ�FDXVH�WKH
WR[LFLW\�RI�VHOHQLXP�WR�EH�LQFUHDVHG��UHGXFHG��RU
XQDIIHFWHG�E\�WKH�SUHVHQFH�RI�PHUFXU\���6HOHQLWH
KDV�EHHQ�VKRZQ�

WR�SURWHFW�DJDLQVW�NLGQH\�SRLVRQLQJ�FDXVHG�E\�
LQRUJDQLF�PHUFXU\�VDOWV���(O�%HJHDUPL�HW�DO�
�������GHPRQVWUDWHG�WKDW�VRGLXP�VHOHQLWH
UHGXFHG�WKH�WR[LFLW\�RI�PHWK\OPHUFXU\�DQG
LQFUHDVHG�WKH�VXUYLYDO�RI�-DSDQHVH�TXDLO��
+RZHYHU��+HLQ]�DQG�+RIIPDQ��������IRXQG
FRQIOLFWLQJ�UHVXOWV�ZKHQ�WKH\�VWXGLHG�WKH
LQWHUDFWLRQV�RI�VHOHQRPHWKLRQLQH�DQG
PHWK\OPHUFXU\�LQ�WKH�GLHWV�RI�FDSWLYH�PDOODUGV��
WKH�VHOHQLXP�DQG�PHUFXU\�WRJHWKHU�ZHUH�OHVV
OLNHO\�WR�SRLVRQ�DGXOW�ELUGV�WKDQ�HLWKHU�HOHPHQW
VHSDUDWHO\�EXW�PRUH�OLNHO\�WR�LPSDLU
UHSURGXFWLRQ���7KH�SUHVHQFH�RI�PHWK\OPHUFXU\
LQ�WKH�GLHW�DOVR�JUHDWO\�HQKDQFHG�WKH�VWRUDJH�RI
VHOHQLXP�LQ�ERWK�HJJV�DQG�OLYHUV��DQG��VLPLODUO\�
WKH�SUHVHQFH�RI�VHOHQLXP�HQKDQFHG�WKH�VWRUDJH
RI�PHUFXU\���7HUDWRJHQHVLV�ZDV�PRVW�VHYHUH�LQ
WKH�HJJV�RI�PDOODUGV�WKDW�KDG�EHHQ�IHG�ERWK
PHWK\O�PHUFXU\�DQG�VHOHQRPHWKLRQLQH�

5HJXODWRU\�6WDQGDUGV

U.S. Environmental Protection Agency Standards and Criteria
[See Appendix II for explanation of terms.  Source:  EPA 1986, 1995,

1997a, 1997b]

Status EPA priority pollutant

Drinking water MCL 2 µg/L

Drinking-water health
advisories for 70-kg adult

Reference dose:   0.3 µg/kg/day
Long-term HA:   2    µg/L
Lifetime HA:   2    µg/L
DWEL: 10    µg/L

Freshwater criteria (for
dissolved Hg)

2.4 µg/L for acute exposure
0.012 µg/L for chronic exposure

1/1,000,000 cancer risk 0.144 µg/L (water and organisms)
0.146 µg/L (organisms only)

Human health criterion 0.05 µg/L total Hg (water; based on
bioconcentration in fish)

Wildlife criterion for
protection of bald eagles

0.000082 µg/L methylmercury (based on
biomagnification through multiple trophic
levels)

Wildlife criterion for
protection of piscivorous
species

0.00005 µg/L methylmercury (.0.00064 µg/L
total mercury)
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7KH�8�6��)RRG�DQG�'UXJ�$GPLQLVWUDWLRQ�DFWLRQ
OHYHO�IRU�PHWK\OPHUFXU\�LQ�WKH�HGLEOH�SRUWLRQV
RI�ILVK��VKHOOILVK��FUXVWDFHDQV��DQG�RWKHU�DTXDWLF
DQLPDOV�LV�����PJ�NJ�ZZ��)'$�������

)RU�VWDQGDUGV�DQG�FULWHULD�VHW�E\�6WDWH�DJHQFLHV�
FRQWDFW�WKRVH�DJHQFLHV�GLUHFWO\���6HH�$SSHQGL[�,
IRU�D�OLVWLQJ�RI�ZDWHU�TXDOLW\�RIILFLDOV�LQ�WKH���
:HVWHUQ�6WDWHV�

5HIHUHQFHV�&LWHG

$SSOHTXLVW��+���6��$VELUN��DQG�,��'UDEDHN���������
0HUFXU\�PRQLWRULQJ���0HUFXU\�VWDELOLW\�LQ�ELUG
IHDWKHUV���/CTKPG�2QNN��$WNN����������²�����

$XGHW��'�-���'�6��6FRWW��DQG�6�1��:LHPH\HU���������
2UJDQRFKORULQHV�DQG�PHUFXU\�LQ�RVSUH\�HJJV
IURP�WKH�(DVWHUQ�8QLWHG�6WDWHV���,��4CRVQT�4GU�
���������²����

%DUU��-�)����������3RSXODWLRQ�G\QDPLFV�RI�WKH
FRPPRQ�ORRQ��)CXKC�KOOGT��DVVRFLDWHG�ZLWK
PHUFXU\�FRQWDPLQDWHG�ZDWHUV�LQ�QRUWKZHVWHUQ
2QWDULR���&DQDGLDQ�:LOGOLIH�6HUYLFH��2WWDZD�
2QWDULR��2FFDVLRQDO�3DSHU����

%HFNHU��3�+����������(JJ�PHUFXU\�OHYHOV�GHFOLQH�ZLWK
WKH�OD\LQJ�VHTXHQFH�LQ�&KDUDGULLIRUPHV���$WNN�
'PXKTQP��%QPVCO��6QZKEQN�������������

%HFNHU��3�+���'��+HQQLQJ��DQG�5�:��)XUQHVV���������
'LIIHUHQFHV�LQ�PHUFXU\�FRQWDPLQDWLRQ�DQG
HOLPLQDWLRQ�GXULQJ�IHDWKHU�GHYHORSPHQW�LQ�JXOO
DQG�WHUQ�EURRGV���#TEJ��'PXKTQP��%QPVCO�
6QZKEQN��������²�����

%LUJH��:�-���2�:��5REHUWV��DQG�-�$��%ODFN���������
7R[LFLW\�RI�PHWDO�PL[WXUHV�WR�FKLFN�HPEU\RV��
$WNN��'PXKTQP��%QPVCO��6QZKEQN�
���������²����

%ORRP��1�6���&�-��:DWUDV��DQG�-�3��+XUOH\���������
,PSDFW�RI�DFLGLILFDWLRQ�RQ�WKH�PHWK\OPHUFXU\
F\FOH�RI�UHPRWH�VHHSDJH�ODNHV���9CVGT��#KT��5QKN
2QNN��������²����

%RZHUPDQ��:�:���,9��(�'��(YDQV��-�3��*LHV\��DQG
6��3RVWXSDOVN\����������8VLQJ�IHDWKHUV�WR�DVVHVV
ULVN�RI�PHUFXU\�DQG�VHOHQLXP�WR�EDOG�HDJOH
UHSURGXFWLRQ�LQ�WKH�*UHDW�/DNHV�UHJLRQ���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN���������²�������

%UDXQH��%�0����������&RPSDULVRQ�RI�WRWDO�PHUFXU\
OHYHOV�LQ�UHODWLRQ�WR�GLHW�DQG�PROW�IRU�QLQH
VSHFLHV�RI�PDULQH�ELUGV���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²������

%UDXQH��%�0���DQG�'�(��*DVNLQ����������0HUFXU\
OHYHOV�LQ�%RQDSDUWH·V�JXOOV��.CTWU�RJKNCFGNRJKC�
GXULQJ�DXWXPQ�PROW�LQ�WKH�4XRGG\�UHJLRQ��1HZ
%UXQVZLFN��&DQDGD���#TEJ��'PXKTQP��%QPVCO�
6QZKEQN��������²������

%XUURZV��:�'���DQG�3�$��.UHQNHO����������6WXGLHV�RQ
XSWDNH�DQG�ORVV�RI�PHWK\OPHUFXU\�����E\
EOXHJLOOV��.GRQOKU�OCETQEJKTWU�5DI�����'PXKTQP�
5EK��6GEJPQN�����������

%XUWRQ��*�9���5�-��$OOH\��*�/��5DVVPXVVHQ��3��2UWRQ�
9��&R[��3��-RQHV��DQG�'��*UDII����������0HUFXU\
DQG�EHKDYLRU�LQ�ZLOG�PRXVH�SRSXODWLRQV��
'PXKTQP��4GU�������²���

%\UQH��$�5���/��.RVWD��DQG�3��6WHJQDU���������7KH
RFFXUUHQFH�RI�PHUFXU\�LQ�DPSKLELD���'PXKTQP�
.GVV�������²����

&OHDQ�:DWHU�)XQG����������0HUFXU\�ZDUQLQJ���7KH
ILVK�\RX�FDWFK�PD\�EH�XQVDIH�WR�HDW³$�VWXG\�RI
PHUFXU\�FRQWDPLQDWLRQ�LQ�WKH�8QLWHG�6WDWHV��
&OHDQ�:DWHU�)XQG��:DVKLQJWRQ�

&RPSHDX��*�&���DQG�5��%DUWKD����������6XOIDWH�
UHGXFLQJ�EDFWHULD���SULQFLSDO�PHWK\ODWRUV�RI
PHUFXU\�LQ�DQR[LF�HVWXDULQH�VHGLPHQW���#RRN�
'PXKTQP��/KETQDKQN������������²����

&XYLQ�$UDODU��0�/�$���DQG�5�:��)XUQHVV���������
0HUFXU\�DQG�VHOHQLXP�LQWHUDFWLRQ��D�UHYLHZ��
'EQVQZKEQN��'PXKTQP��5CHGV[�������²����

'YRQFK��-�7���$�)��9HWWH��*�-��.HHOHU��*��(YDQV��DQG
5��6WHYHQV���������$Q�LQWHQVLYH�PXOWL�VLWH�VWXG\
LQYHVWLJDWLQJ�DWPRVSKHULF�PHUFXU\�LQ�%URZDUG
&RXQW\��)ORULGD���9CVGT��#KT��5QKN�2QNN�
������²�����
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(LVOHU��5����������/GTEWT[�JC\CTFU�VQ�HKUJ��YKNFNKHG
CPF�KPXGTVGDTCVGU���#�U[PQRVKE�TGXKGY���8�6�
)LVK�DQG�:LOGOLIH�6HUYLFH��%LRORJLFDO�5HSRUW
����������3DWX[HQW�:LOGOLIH�5HVHDUFK�&HQWHU�
/DXUHO��0DU\ODQG�����S�

(O�%HJHDUPL��0�0���0�/��6XQGH��DQG�0�(��*DQWKHU�
�������$�PXWXDO�SURWHFWLYH�HIIHFW�RI�PHUFXU\
DQG�VHOHQLXP�LQ�-DSDQHVH�TXDLO���2QWNV��5EK�
�����������

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
$PELHQW�ZDWHU�TXDOLW\�FULWHULD�GRFXPHQW�IRU
PHUFXU\���8�6��(QYLURQPHQWDO�3URWHFWLRQ
$JHQF\�5HSRUW������²��²������$YDLODEOH�IURP
1DWLRQDO�7HFKQLFDO�,QIRUPDWLRQ�6HUYLFH�
6SULQJILHOG��9LUJLQLD���������

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
4XDOLW\�FULWHULD�IRU�ZDWHU��������8�6�
(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��2IILFH�RI
:DWHU�5HJXODWLRQV�DQG�6WDQGDUGV��:DVKLQJWRQ��
5HSW��(3$������²�������������S���$YDLODEOH
IURP�1DWLRQDO�7HFKQLFDO�,QIRUPDWLRQ�6HUYLFH�
6SULQJILHOG��9LUJLQLD�������

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��������
*UHDW�/DNHV�:DWHU�4XDOLW\�,QLWLDWLYH�&ULWHULD
'RFXPHQWV�IRU�WKH�SURWHFWLRQ�RI�:LOGOLIH
�3URSRVHG����''7��0HUFXU\����������7&''�
3&%V���8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�
2IILFH�RI�:DWHU��2IILFH�RI�6FLHQFH�DQG
7HFKQRORJ\��:DVKLQJWRQ���(3$�����5���������
$SULO�

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
'ULQNLQJ�ZDWHU�UHJXODWLRQV�DQG�KHDOWK
DGYLVRULHV���8�6��(QYLURQPHQWDO�3URWHFWLRQ
$JHQF\��2IILFH�RI�:DWHU��:DVKLQJWRQ������S�

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��������D��
:DWHU�TXDOLW\�VWDQGDUGV��(VWDEOLVKPHQW�RI
QXPHULF�FULWHULD�IRU�SULRULW\�WR[LF�SROOXWDQWV�IRU
WKH�6WDWH�RI�&DOLIRUQLD��3URSRVHG�UXOH���)HGHUDO
5HJLVWHU��$XJXVW�����������������������²������

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��������E��
$Q�HFRORJLFDO�DVVHVVPHQW�RI�DQWKURSRJHQLF
PHUFXU\�HPLVVLRQV�LQ�WKH�8QLWHG�6WDWHV���9RO���
RI���/GTEWT[�UVWF[�TGRQTV�VQ�%QPITGUU���8�6�
(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��:DVKLQJWRQ��
(3$²����5²��²������>$YDLODEOH�YLD�,QWHUQHW�DW
KWWS���ZZZ�HSD�JRY�
WWQXDWZ�����QPHUF�PHUFXU\�KWPO�@

)DODQG\V]�-���%��-DNXF]XQ��DQG�7��0L]HUD���������
0HWDOV�DQG�RUJDQRFKORULQHV�LQ�IRXU�IHPDOH
ZKLWH�WDLOHG�HDJOHV���/CTKPG�2QNN��$WNN�
���������������

)'$��)RRG�DQG�'UXJ�$GPLQLVWUDWLRQ����������
$FWLRQ�OHYHOV�IRU�SRLVRQRXV�RU�GHOHWHULRXV
VXEVWDQFHV�LQ�KXPDQ�IRRG�DQG�DQLPDO�IHHG
>ERRNOHW@���8�6��)RRG�DQG�'UXJ�$GPLQLVWUD�
WLRQ��,QGXVWU\�$FWLYLWLHV�6WDII��:DVKLQJWRQ�

)LPUHLWH��1���������(IIHFWV�RI�GLHWDU\�PHWK\OPHUFXU\
RQ�ULQJ�QHFNHG�SKHDVDQWV���%CP��9KNFN��5GTX�
1EECU��2CR��������S��

)LPUHLWH��1����������0HUFXU\�FRQWDPLQDWLRQ�RI
DTXDWLF�ELUGV�LQ�QRUWKZHVWHUQ�2QWDULR���
,��9KNFN��/CPCIG��������²����

)LQOH\��0�7���DQG�5�&��6WHQGHOO����������6XUYLYDO�DQG
UHSURGXFWLYH�VXFFHVV�RI�EODFN�GXFNV�IHG
PHWK\OPHUFXU\���'PXKTQP��2QNNWV��������²���

)LQOH\��0�7���:�+��6WLFNHO��DQG�5�(��&KULVWHQVHQ�
������0HUFXU\�UHVLGXHV�LQ�WLVVXHV�RI�GHDG�DQG
VXUYLYLQJ�ELUGV�IHG�PHWK\O�PHUFXU\���$WNN�
'PXKTQP��%QPVCO��6QZKEQN�������������

)XUQHVV��5�:���6�-��0XLUKHDG��DQG�0��:RRGEXUQ��
�������8VLQJ�ELUG�IHDWKHUV�WR�PHDVXUH�PHUFXU\
LQ�WKH�HQYLURQPHQW���5HODWLRQVKLS�EHWZHHQ
PHUFXU\�FRQWHQW�DQG�PROW���/CTKPG�2QNN��$WNN�
���������²�����

)XWWHU��0�1���������3HODJLF�IRRG�ZHE�VWUXFWXUH
LQIOXHQFHV�SUREDELOLW\�RI�PHUFXU\�FRQWDPLQDWLRQ
LQ�ODNH�WURXW��5CNXGNKPWU�PCOC[EWUJ����5EK��6QVCN
'PXKTQP�������²����

*LOO��*�$���DQG�.�:��%UXODQG����������0HUFXU\
VSHFLDWLRQ�LQ�VXUIDFH�IUHVKZDWHU�V\VWHPV�LQ
&DOLIRUQLD�DQG�RWKHU�DUHDV���'PXKTQP��5EK�
6GEJPQN������������²�������

*LOO��7�6���DQG�-�&��3DQW����������(IIHFWV�RI�VXEOHWKDO
FRQFHQWUDWLRQV�RI�PHUFXU\�LQ�D�WHOHRVW�2WPVKWU
EQPEJQPKWU���%LRFKHPLFDO�DQG�KDHPDWRORJLFDO
UHVSRQVHV���+PFKCP�,��'ZR��$KQN���������

*LOOHVSLH��'�&���DQG�'�3��6FRWW����������0RELOL]DWLRQ
RI�PHUFXU\�VXOILGH�IURP�VHGLPHQW�LQWR�ILVK
XQGHU�DHURELF�FRQGLWLRQV���,��(KUJ��4GU��$QCTF
%CP����������
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*LUDUG��0���DQG�&��'XPRQW����������([SRVXUH�RI
-DPHV�%D\�&UHH�WR�PHWK\OPHUFXU\�GXULQJ
SUHJQDQF\�IRU�WKH�\HDUV�����²�����9CVGT��#KT�
5QKN�2QNN�������²���

*RFKIHOG��0����������7LVVXH�GLVWULEXWLRQ�RI�PHUFXU\
LQ�QRUPDO�DQG�DEQRUPDO�\RXQJ�FRPPRQ�WHUQV��
/CTKPG�2QNN��$WNN���������������

*RHGH��$�$���DQG�0��GH%UXLQ����������7KH�XVH�RI
ELUG�IHDWKHU�SDUWV�DV�D�PRQLWRU�IRU�PHWDO
SROOXWLRQ���'PXKTQP��2QNN���%�������²����

+DLQHV��7�$����������$WPRVSKHULF�GHSRVLWLRQ�LV�D
PDMRU�VRXUFH�RI�PHUFXU\�WR�DTXDWLF�DQG
WHUUHVWULDO�V\VWHPV���8�6��)LVK�DQG�:LOGOLIH
6HUYLFH��5HVHDUFK�,QIRUPDWLRQ�%XOOHWLQ��������

+DOO��5�-���DQG�%�0��0XOKHUQ����������$UH�DQXUDQ
DPSKLELDQV�KHDY\�PHWDO�DFFXPXODWRUV"��,Q��
8GTVGDTCVG�'EQNQI[�CPF�5[UVGOCVKEU��8QLYHUVLW\�
RI�.DQVDV��/DZUHQFH��.DQVDV��0XVHXP�RI
1DWXUDO�+LVWRU\��6SHFLDO�3XEOLFDWLRQ��
S�����²����

+DOO��%�'���5�$��%RGDO\��5�-�3��)XGJH��DQG�
-�:�0��5XGG����������)RRG�DV�WKH�GRPLQDQW
SDWKZD\�RI�PHWK\OPHUFXU\�XSWDNH�E\�ILVK���2UDO
SUHVHQWDWLRQ�WR�,QWHUQDWLRQDO�&RQIHUHQFH�RQ
0HUFXU\�DV�D�*OREDO�3ROOXWDQW��-XO\���²���������
:KLVWOHU��%ULWLVK�&ROXPELD�

+DOOEURRN��5�6���-�+��-HQNLQV��3�%��%XVK��DQG�
1�'��6HDEROW����������6XEOHWKDO�FRQFHQWUDWLRQV
RI�PHUFXU\�LQ�ULYHU�RWWHUV���PRQLWRULQJ
HQYLURQPHQWDO�FRQWDPLQDWLRQ����#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

+HDWRQ�-RQHV��7�*���&�-�*��:KLWWDNHU��5��2IUL��
'�(��%URRNV��'�$��6DPXHOVRQ��%�/��+RPHU��
6�)��6XQGORI���DQG�:�:��'DZVRQ����������
$SSOLFDWLRQ�RI�HOHFWURUHWLQRJUDSK\�DV�D
GLDJQRVWLF�WRRO�IRU�DVVHVVLQJ�HQYLURQPHQWDO
PHUFXU\�RSWKDOPRORJLF�QHXURWR[LFLW\�LQ�WKH
$PHULFDQ�DOOLJDWRU��#NNKICVQT�OKUUKUUKRRKGPUKU����
2UDO�SUHVHQWDWLRQ�WR�,QWHUQDWLRQDO�&RQIHUHQFH
RQ�0HUFXU\�DV�D�*OREDO�3ROOXWDQW���-XO\���²���
������:KLVWOHU��%ULWLVK�&ROXPELD���

+HLQ]��*����������(IIHFWV�RI�ORZ�GLHWDU\�OHYHOV�RI
PHWK\O�PHUFXU\�RQ�PDOODUG�UHSURGXFWLRQ���$WNN�
'PXKTQP��%QPVCO��6QZKEQN��������²����

+HLQ]��*����������0HWK\OPHUFXU\���UHSURGXFWLYH�DQG
EHKDYLRUDO�HIIHFWV�RQ�WKUHH�JHQHUDWLRQV�RI
PDOODUG�GXFNV���,��9KNFN��/CPCIG�
���������²����

+HLQ]��*�+�����������0HUFXU\�SRLVRQLQJ�LQ�ZLOGOLIH��
,Q���)DLUEURWKHU��$���/�1��/RFNH��DQG�*�/��+RII�
HGV���0QPKPHGEVKQWU�FKUGCUGU�QH�YKNFNKHG���G�HG��
,RZD�6WDWH�8QLYHUVLW\�3UHVV��$PHV��,RZD�
S�����²����

+HLQ]��*�+���DQG�'�-��+RIIPDQ����������0HWK\O�
PHUFXU\��FKORULGH�DQG�VHOHQRPHWKLRQLQH
LQWHUDFWLRQV�RQ�KHDOWK�DQG�UHSURGXFWLRQ
LQ�PDOODUGV���'PXKTQP��6QZKEQN��%JGO�
���������²����

+HLQ]��*���DQG�/�1��/RFNH����������%UDLQ�OHVLRQV�LQ
PDOODUG�GXFNOLQJV�IURP�SDUHQWV�IHG
PHWK\OPHUFXU\���#XKCP�&KU���������²����

+RIIPDQ��'���DQG�-��0RRUH����������7HUDWRJHQLF
HIIHFWV�RI�H[WHUQDO�HJJ�DSSOLFDWLRQV�RI
PHWK\OPHUFXU\�LQ�WKH�PDOODUG��#PCU
RNCV[TJ[PEJQU���6GTCVQNQI[�������²�����

-HQNLQV��'�:����������%LRORJLFDO�PRQLWRULQJ�RI�WR[LF
WUDFH�PHWDOV���9ROXPH�����7R[LF�WUDFH�PHWDOV�LQ
SODQWV�DQG�DQLPDOV�RI�WKH�ZRUOG���3DUW�,,��
0HUFXU\���8�6��(QYLURQPHQWDO�3URWHFWLRQ
$JHQF\�5HSW��������²��²�������²����

.LP��(�<���7��0XUDNDPL��.��6DHIL��DQG�
5��7DWVXNDZD����������0HUFXU\�OHYHOV�DQG�
LWV�FKHPLFDO�IRUP�LQ�WLVVXHV�DQG�RUJDQV�RI
VHDELUGV����#TEJ��'PXKTQP��%QPVCO��6QZKEQN�
������²����

.XFHUD��(����������0LQN�DQG�RWWHU�DV�LQGLFDWRUV�RI
PHUFXU\�LQ�0DQLWRED�ZDWHUV���%CP��,QWT��<QQN�
��������

/HH��<�+���DQG�+��+XOWEHUJ����������0HWK\OPHUFXU\
LQ�VRPH�6ZHGLVK�ZDWHUV���'PXKTQP��6QZKEQN�
%JGO�������²�������

/HZLV��6�$���DQG�5�:��)XUQHVV����������0HUFXU\
DFFXPXODWLRQ�DQG�H[FUHWLRQ�LQ�ODERUDWRU\�UHDUHG
EODFN�KHDGHG�JXOO�.CTWU�TKFKDWPFWU�FKLFNV��
#TEJ��'PXKTQP��%QPVCO��6QZKEQN��������²�����
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/LWWUHO��(�(����������0HUFXU\�LQ�ZHVWHUQ�JUHEHV�DW
/DNH�%HUU\HVVD�DQG�&OHDU�/DNH��&DOLIRUQLD��
%CNKHQTPKC�(KUJ�CPF�)COG����������²�����

/RQJ�(�5���DQG�/�*��0RUJDQ����������7KH�SRWHQWLDO
IRU�ELRORJLFDO�HIIHFWV�RI�VHGLPHQW�VRUEHG
FRQWDPLQDQWV�WHVWHG�LQ�WKH�1DWLRQDO�6WDWXV�DQG
7UHQGV�3URJUDP���8�6��1DWLRQDO�2FHDQRJUDSKLF
DQG�$WPRVSKHULF�$GPLQLVWUDWLRQ��12$$
7HFKQLFDO�0HPRUDQGXP�126�20$����������S��

/RQJ��(�5���'�'��0DF'RQDOG��6�/��6PLWK��DQG�
)�'��&DOGHU����������,QFLGHQFH�RI�DGYHUVH
ELRORJLFDO�HIIHFWV�ZLWKLQ�UDQJHV�RI�FKHPLFDO
FRQFHQWUDWLRQV�LQ�PDULQH�DQG�HVWXDULQH
VHGLPHQWV���'PXKTQPOGPVCN�/CPCIGOGPV
������������

0DFOHRG��-�&���DQG�(��3HVVDK����������7HPSHUDWXUH
HIIHFWV�RQ�PHUFXU\�DFFXPXODWLRQ��WR[LFLW\��DQG
PHWDEROLF�UDWH�LQ�UDLQERZ�WURXW��5CNOQ
ICKTFPGTK����,��(KUJ���4GU��$QCTF�%CP���������

0DODQL��6���DQG�+��0RGHW]����������&RDO�FOHDQLQJ
KDQGERRN���$FXUH[�&RUSRUDWLRQ��5HSW��75����
���VU��S��$�²$�����²����²����

0DWLGD��<���+��.XPXGD��6��.LPXUD��<��6DLJD��
7��1RVH��0��<RNRWH��DQG�+��.DZDWVX���������
7R[LFLW\�RI�PHUFXU\�FRPSRXQGV�WR�DTXDWLF
RUJDQLVPV�DQG�DFFXPXODWLRQ�RI�WKH�FRPSRXQGV
E\�WKH�RUJDQLVPV���$WNN��(TGUJYCVGT�(KUJ��4GU�
.CD�����������

0F.LP��-�0���*�)��2OVRQ��*�:��+ROFRPEH��DQG�
(�3��+XQW����������/RQJ�WHUP�HIIHFWV�RI
PHWK\OPHUFXULF�FKORULGH�RQ�WKUHH�JHQHUDWLRQV
RI�EURRN�WURXW��5CNXGNKPWU�HQPVKEPCNKU����WR[LFLW\
DFFXPXODWLRQ��GLVWULEXWLRQ�DQG�HOLPLQDWLRQ���
,��(KUJ��4GU��$QCTF�%CP���������������

0RQWHLUR��/�5���DQG�5�:��)XUQHVV����������6HDELUGV
DV�PRQLWRUV�RI�PHUFXU\�LQ�WKH�PDULQH
HQYLURQPHQW���9CVGT��#KT��5QKN�2QNN���������
����

0RRUH��-�:���DQG�6��5DPDPRRUWK\����������*GCX[
OGVCNU�KP�PCVWTCN�YCVGTU��#RRNKGF�OQPKVQTKPI
CPF�KORCEV�CUUGUUOGPV���6SULQJHU�9HUODJ��1HZ
<RUN������S���

1$6��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�����������#P
CUUGUUOGPV�QH�OGTEWT[�KP�VJG�GPXKTQPOGPV��
1DWLRQDO�$FDGHP\�RI�6FLHQFHV��:DVKLQJWRQ���

1HZWRQ��,���DQG�0�%��+DDV����������3ROOXWDQWV�LQ
PHUOLQ�HJJV�DQG�WKHLU�HIIHFWV�RQ�EUHHGLQJ��
$TKVKUJ�$KTFU�����������������

1LLPL��$�-���DQG�*�3��.LVVRRQ����������(YDOXDWLRQ�RI
WKH�FULWLFDO�ERG\�EXUGHQ�FRQFHSW�EDVHG�RQ
LQRUJDQLF�DQG�RUJDQLF�PHUFXU\�WR[LFLW\�WR
UDLQERZ�WURXW��1PEJQT[PEJWU�O[MKUU����#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

2GVM|��7����������(JJVKHOO�WKLFNQHVV�DQG�OHYHOV�RQ
''7��3&%�DQG�PHUFXU\�LQ�WKH�HJJV�RI�RVSUH\
�2CPFKQP�JCNKCGVWU��DQG�PDUVK�KDUULHU��%KTEWU
CGTWIKPQUWU��LQ�UHODWLRQ�WR�WKHLU�EUHHGLQJ
VXFFHVV�DQG�SRSXODWLRQ�VWDWXV�LQ�6ZHGHQ��
6WRFNKROP��6ZHGHQ��8QLY��6WRFNKROP�3K�'�
WKHVLV�����S���

2OVRQ��*�)���'�,��0RXQW��9�0��6QDUVNL��DQG�
7�:��7KRUVOXQG����������0HUFXU\�UHVLGXHV�LQ
IDWKHDG�PLQQRZ��2KOGRJCNGU�RTQOGNCU
5DILQHVTXH��FKURQLFDOO\�H[SRVHG�WR
PHWK\OPHUFXU\�LQ�ZDWHU���$WNN��'PXKTQP�
%QPVCO��6QZKEQN��������²����

2OVRQ��.�5���.�6��6TXLEE��DQG�5�-��&RXVLQV���������
7LVVXH�XSWDNH��VXEFHOOXODU�GLVWULEXWLRQ��DQG
PHWDEROLVP�RI���&+�+J&O�DQG�&+�

����+J&O�E\
UDLQERZ�WURXW��5CNOQ�ICKTFPGTK���,��(KUJ��4GU�
$QCTF�%CP���������

3DUVORZ��-�/�)���'�-��-HIIULHV��DQG�+�0��+DVRQ���������
*DQQHW�PRUWDOLW\�LQFLGHQWV�LQ��������/CTKPG
2QNN��$WNN��������������

3KLOOLSV��%�$���DQG�'�5��%XKOHU����������7KH�UHODWLYH
FRQWULEXWLRQV�RI�PHWK\OPHUFXU\�IURP�IRRG�RU
ZDWHU�WR�UDLQERZ�WURXW��5CNOQ�ICKTFPGTK��LQ�D
FRQWUROOHG�ODERUDWRU\�HQYLURQPHQW���6TCPU��#O�
(KUJ��5QE����������

3RUFHOOD��'�%���������0HUFXU\�LQ�WKH�HQYLURQPHQW��
%LRJHRFKHPLVWU\���,Q���/GTEWT[�RQNNWVKQP��
+PVGITCVKQP�CPF�U[PVJGUKU��&�-��:DWUDV�DQG�
-�:��+XFNDEHH��HGV���/HZLV�3XEOLVKHUV��%RFD
5DWRQ��)ORULGD��S���²���
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5HLQHUW��5�(���/�-��6WRQH��DQG�:�$��:LOOIRUG���������
(IIHFW�RI�WHPSHUDWXUH�RQ�DFFXPXODWLRQ�RI
PHWK\OPHUFXULF�FKORULGH�DQG�R�R	�''7�E\
UDLQERZ�WURXW��5CNOQ�ICKTFPGTK����,��(KUJ���4GU�
$QCTF�%CP���������²�����

5RHONH��0�(����������)ORULGD�SDQWKHU�ELRPHGLFDO
LQYHVWLJDWLRQ���+HDOWK�DQG�UHSURGXFWLRQ���)LQDO
3HUIRUPDQFH�5HSRUW��(QGDQJHUHG�6SHFLHV
3URMHFW�(���,,�(��������)ORULGD�*DPH�DQG
)UHVK�:DWHU�)LVK�&RPPLVVLRQ��*DLQHVYLOOH��
����S�

6FKHXKDPPHU��$�0����������7KH�FKURQLF�WR[LFLW\�RI
DOXPLQXP��FDGPLXP��PHUFXU\��DQG�OHDG�LQ
ELUGV���D�UHYLHZ��'PXKTQP��2QNN��������²����

6FKHXKDPPHU��$�0����������&KURQLF�GLHWDU\�WR[LFLW\
RI�PHWK\O�PHUFXU\�LQ�]HEUD�ILQFK��2QGRJKNC
IWVVCVC����$WNN��'PXKTQP��%QPVCO��6QZKEQN�����
����������

6FKHXKDPPHU��$�0����������(IIHFWV�RI�DFLGLILFDWLRQ
RQ�WKH�DYDLODELOLW\�RI�WR[LF�PHWDOV�DQG�FDOFLXP�WR
ZLOG�ELUGV�DQG�PDPPDOV���'PXKTQP��2QNN�
������²����

6FKZDU]EDFK��6�(����������0HUFXU\�LQ�&DOLIRUQLD
FODSSHU�UDLO�HJJV��LQYHUWHEUDWH�SUH\��DQG
VHGLPHQWV�IURP�WLGDO�ZHWODQGV�LQ�VRXWK�
6DQ�)UDQFLVFR�%D\���3ODWIRUP�SUHVHQWDWLRQ�
6RFLHW\�RI�(QYLURQPHQWDO�7R[LFRORJ\�DQG
$QDO\WLFDO�&KHPLVWU\���WK�$QQ��0WJ���
1RY����²����������+RXVWRQ��7H[DV�

6KDFNOHWWH��+�7���DQG�-�*��%RHUQJHQ����������(OHPHQW
FRQFHQWUDWLRQV�LQ�VRLOV�DQG�RWKHU�VXUILFLDO
PDWHULDOV�RI�WKH�FRQWHUPLQRXV�8QLWHG�6WDWHV��
8�6��*HRO��6XUYH\�3URI��3DSHU��������

6NDUH��,����������0DVV�EDODQFH�DQG�V\VWHPLF�XSWDNH�RI
PHUFXU\�UHOHDVHG�IURP�GHQWDO�DPDOJDP�ILOOLQJV��
9CVGT��#KT��5QKN�2QNN�������²���

6PLWK�6�/���'�'��0DF'RQDOG��.�$��.HHQOH\VLGH��DQG
&�/��*DXGHW����������7KH�GHYHORSPHQW�DQG
LPSOHPHQWDWLRQ�RI�&DQDGLDQ�VHGLPHQW�TXDOLW\
JXLGHOLQHV���,Q���&GXGNQROGPV�CPF�RTQITGUU�KP
UGFKOGPV�SWCNKV[�CUUGUUOGPV���4CVKQPCNG�
EJCNNGPIGU��VGEJPKSWGU��CPF�UVTCVGIKGU��
0��0XQDZDU�DQG�*��'DYH��HGV���$PVWHUGDP�
63%�$FDGHPLF�3XEOLVKLQJ��(FRYLVLRQ�:RUOG
0RQRJUDSK�6HULHV��S����������

6RUHQVHQ��(����������0HUFXU\���&KDS����RI���/GVCN
RQKUQPKPI�KP�HKUJ���&5&�3UHVV��%RFD�5DWRQ�
)ORULGD��S�����²����

6RUHQVHQ��-�$���*�(��*ODVV��.�:��6FKPLGW��
-�.��+XEHU��DQG�*�5��5DSS��-U����������$LUERUQH
PHUFXU\�GHSRVLWLRQ�DQG�ZDWHUVKHG�FKDUDFWHU�
LVWLFV�LQ�UHODWLRQ�WR�PHUFXU\�FRQFHQWUDWLRQV�LQ
ZDWHU��VHGLPHQWV���SODQNWRQ��DQG�ILVK�RI�HLJKW\
QRUWKHUQ�0LQQHVRWD�ODNHV���'PXKTQP��5EK�
6GEJPQN���������²�����

6RXWKZRUWK��*�5���0�-��3HWHUVRQ��6�0��$GDPV��DQG
%�*��%OD\ORFN����������(VWLPDWLRQ�RI�DSSURSULDWH
EDFNJURXQG�FRQFHQWUDWLRQV�IRU�DVVHVVLQJ
PHUFXU\�FRQWDPLQDWLRQ�LQ�ILVK���$WNN��'PXKTQP�
%QPVCO��6QZKEQN��������²����

6SDOGLQJ��0�*���DQG�'�-��)RUUHVWHU���������'HHGEVU�QH
RCTCUKVKUO�CPF�FKUGCUG�QP�VJG�PGUVKPI�UWEEGUU�QH
EQNQPKCN�YCFKPI�DKTFU�
%KEQPKKHQTOGU��KP
UQWVJGTP�(NQTKFC���)ORULGD�*DPH�DQG�)UHVK
:DWHU�)LVK�&RPPLVVLRQ��*DLQHVYLOOH��)ORULGD��
)LQDO�5HSRUW��1*��²����

6SDOGLQJ��0�*���5�%��%MRUN��*��3RZHOO��DQG�
6�)��6XQGORI����������0HUFXU\�DQG�FDXVH�RI
GHDWK�LQ�JUHDW�ZKLWH�KHURQV���,��9KNFN��/CPCIG�
���������²������

6XFKDQHN��7�+���DQG�3�-��5LFKHUVRQ����������
(FRORJLFDO�HIIHFWV�RI�PHUFXU\�LQ�DTXDWLF
V\VWHPV���3ODWIRUP�SUHVHQWDWLRQ��6RFLHW\�RI
(QYLURQPHQWDO�7R[LFRORJ\�DQG�$QDO\WLFDO
&KHPLVWU\����WK�$QQ��0WJ���'HQYHU��&RORUDGR�
2FWREHU�����1RYHPEHU���������

6XFKDQHN��7�+���3�-��5LFKHUVRQ��/�$��:RRGZDUG�
'�*��6ORWWRQ��/�-��+ROWV��DQG�&�(�(�
:RRGPDQVHH����������(FRORJLFDO�DVVHVVPHQW�
6XOSKXU�%DQN�PHUFXU\�PLQH�6XSHUIXQG�VLWH�
&OHDU�/DNH��&DOLIRUQLD³�3UHOLPLQDU\�/DNH�6WXG\
5HSRUW���5HSRUW�SUHSDUHG�IRU�8�6�
(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�5HJLRQ�,;�
6DQ�)UDQFLVFR���0D\����������������S�

6XFKDQHN��7�+���3�-��5LFKHUVRQ��/�-��+ROWV��
%�$��/DPSKHUH��&�'��:RRGPDQVHH��
'�*��6ORWWRQ��(�-��+DUQHU��DQG�/�$��:RRGZDUG��
�������,PSDFWV�RI�PHUFXU\�RQ�EHQWKLF
LQYHUWHEUDWH�SRSXODWLRQV�DQG�FRPPXQLWLHV
ZLWKLQ�WKH�DTXDWLF�HFRV\VWHP�RI�&OHDU�/DNH�
&DOLIRUQLD���:DWHU��$LU��6RLO�3ROO��������²����
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6XQGORI��6�)���0�*��6SDOGLQJ��-�'��:HQWZRUWK��DQG
&�.��6WHLEOH����������0HUFXU\�LQ�OLYHUV�RI�ZDGLQJ
ELUGV��&LFRQLLIRUPHV��LQ�6RXWK�)ORULGD���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²������

6X]XNL��7����������'RVH�HIIHFW�DQG�GRVH�UHVSRQVH
UHODWLRQVKLSV�RI�PHUFXU\�DQG�LWV�GHULYDWLYHV���,Q��
6JG�DKQIGQEJGOKUVT[�QH�OGTEWT[�KP�VJG
GPXKTQPOGPV��-�2��1ULDJX��HG���(OVHYLHU�1RUWK�
+ROODQG�%LRPHGLFDO�3UHVV��1HZ�<RUN��
S�����²����

7HMQLQJ��6����������%LRORJLFDO�HIIHFWV�RI�PHWK\O
PHUFXU\�GLF\DQGLDPLGH�WUHDWHG�JUDLQ�LQ�WKH
GRPHVWLF�IRZO�)CNNWU�ICNNWU�/���1KMQU��VXSSO�
����

7KRPSVRQ��'�5���DQG�5�:��)XUQHVV���������
&RPSDULVRQ�RI�WKH�OHYHOV�RI�WRWDO�DQG�RUJDQLF
PHUFXU\�LQ�VHDELUG�IHDWKHUV���/CTKPG�2QNN��$WNN�
�������������

86*6��8�6��*HRORJLFDO�6XUYH\�����������/GTEWT[�KP
VJG�GPXKTQPOGPV��C�EQORKNCVKQP�QH�RCRGTU�QP
VJG�CDWPFCPEG��FKUVTKDWVKQP��CPF�VGUVKPI�QH
OGTEWT[�KP�TQEMU��UQKNU��YCVGTU��RNCPVU��CPF�VJG
CVOQURJGTG���86*6�3URI��3DSHU���������S�

9DQ�GHU�0ROHQ��(�-���$�$��%ORN��DQG�*�-��'H�*UDDI��
�������:LQWHU�VWDUYDWLRQ�DQG�PHUFXU\
DFFXPXODWLRQ�RI�JUH\�KHURQV��#TFGC�EKPGTGC��LQ
WKH�1HWKHUODQGV���#TFGC�������²����

:DOVK��3�0����������7KH�XVH�RI�VHDELUGV�DV�PRQLWRUV
RI�KHDY\�PHWDOV�LQ�WKH�PDULQH�HQYLURQPHQW��
&KDS�����RI���*GCX[�OGVCNU�KP�VJG�OCTKPG
GPXKTQPOGPV��5�:��)XUQHVV�DQG�3�6��5DLQERZ�
HGV���&5&�3UHVV��%RFD�5DWRQ��)ORULGD�

:DUH��5�$���3�0��%XUNKROGHU��DQG�/�:��&KDQJ��
�������8OWUDVWUXFWXUDO�FKDQJHV�LQ�UHQDO�SUR[LPDO
WXEXOHV�DIWHU�FKURQLF�RUJDQLF�DQG�LQRUJDQLF
PHUFXU\�LQWR[LFDWLRQ���'PXKTQP��4GU�
������²����

:DWUDV��&�-���DQG�1�6��%ORRP����������0HUFXU\�DQG
PHWK\OPHUFXU\�LQ�LQGLYLGXDO�]RRSODQNWRQ��
,PSOLFDWLRQV�IRU�ELRDFFXPXODWLRQ���.KOPQN�
1EGCPQI������������²�����

:DWUDV��&�-���1�6��%ORRP��5�-�0��+XGVRQ�
6�$��*KHULQL��5��0XQVRQ��6�$��&ODDV��
.�$��0RUULVRQ��-��+XUOH\��-�*��:LHQHU��
:�)��)LW]JHUDOG��5��0DVRQ��*��9DQGDO��
'��3RZHOO��'�%��3RUFHOOD��DQG�-�:��+XFNDEHH��
�������6RXUFHV�DQG�IDWHV�RI�PHUFXU\�DQG
PHWK\OPHUFXU\�LQ�:LVFRQVLQ�ODNHV���,Q��
/GTEWT[�RQNNWVKQP���KPVGITCVKQP�CPF�U[PVJGUKU��
&�-��:DWUDV�DQG�-�:��+XFNDEHH��HGV���/HZLV
3XEOLVKHUV��%RFD�5DWRQ��)ORULGD��S�����²����
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